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Prolonged protection from repeated SHIV 
challenges is demonstrated in macaques. 
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Warmer years promote malaria cases at higher 
altitudes, 
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Altitude Sickness 


‘Whether the incidence of malaria will be (or has been) affected by the warming climate is poor- 
ly resolved. Global-scale analyses are fraught with technical dificulties, including problems 
with separating out changes resulting from destruction of mosquito habitat, insecticide use, 
and antimalarial drug use from multidecadal trends in climate change. Siraj etal. (p. 1154) 


performed parallel analyses of highland malaria in Ethiopia and Colombia to ask whether 


interannual changes in temperature could explain variation in malaria incidence with altitude. 
Modeling the data confirmed that malaria moves up in elevation in warmer years and allowed 
estimates of how many more millions of cases could be expected in tropical highland areas if 


the mean temperature increased by 1° to 3°C. 


ASoft Molecular Spring 


In noncontact atomic force microscopy, extremely 
high resolution has been achieved by attaching 

a terminal CO molecule to the metal scanning 
probe tip. This CO molecule can undergo 
torsional vibrations, and a full understanding of 
the imaging mechanism requires a measure of 
this spring constant. Weymouth et a. (p. 1120, 
published online 6 February; see the Perspective 
by Salmeron) used lateral force microscopy, in 
\which the tip vibrates laterally across the surface, 
to determine this torsional constant. The stiffness 
of the isolated CO molecules on the tip was much 
less than that for CO molecules adsorbed on 
planar surfaces. 


Nanoimaged Polaritons 


Engineered heterostructures consisting of thin, 
‘weakly bound layers can exhibit many attractive 
electronic properties. Dai et al. (p. 1125) 

used infrared nanoimaging on the surface of 
hexagonal boron nitride crystals to detect phonon 
polaritons, collective modes that originate in 

the coupling of photons to optical phonons. The 
findings reveal the dependence ofthe polariton 
wavelength and dispersion on the thickness of the 
material down to just a few atomic layers, 


Limited Stability 


Deep ocean citculation is thought to be stable 
during warm, interglacial periods, Galaasen 
et al. (p. 1129, published online 20 February) 
constructed a highly resolved record of North 
Atlantic Deep Water production during the last 


interglacial period, around 128,000 to 116,000 
years ago. The findings reveal large, centennial- 
scale reductions—in contrast to the prevailing 
paradigm. These changes occurred in an ocean 
\warmer than that of today, but in a temperature 
regime similar to that expected because of 
‘global warming, raising the possibilty that 
future ocean circulation, regional climate, and 
CO, sequestration pathways could be impacted. 


Crossing the Membrane 


‘Adenosine triphosphate (ATP)-binding cassette 
(ABO transporters couple ATP hydrolysis tothe 
translocation of a wide variety of substrates across 
‘ell membranes. Srinivasan et a. (p. 1137) 
describe the structure ofa yeast mitochondrial 
transporter involved in Fe-S protein biogenesis 
The structure reveals bound glutathione, 

which suggests that glutathione is part of 

the translocated substrate J. ¥, Lee et al. (p. 
1133) describe the structure ofa bacterial ABC 
transporter that confers protection agains silver 
and mercury. Ths protein also binds glutathione 
derivatives. The structure provides insight into how 
ligand interactions are coupled to ATP hydrolysis. 


Evolutionary Duality 


When ecological divergence involves traits 
that also contribute to mating behavior, such 
divergence could lead to rapid reproductive 
isolation and speciation. However, there are very 
few experimental demonstrations of such “dual” 
traits. Chung et al (p. 1148, published online 13 
February) now demonstrate that specific cuticular 
hydrocarbons are a dual trait that affects both 
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desiccation resistance and mate choice in the 
widely distributed Australian species Drosophila 
serrata. These compounds have largely been lost 
from its rainforest-restricted, desiccation-sensitve, 
closely related sibling D. birhil. 


Carbapenems Through 
the Looking Glass 


The carbapenem class of antibiatics isa critical 
‘weapon in the ongoing fight against drug- 
resistant bacteria. Microbial biosynthesis of 
these compounds, which contain a strained 
Brlactam ring motif, proceeds via a precursor 
that has the wrong configuration at one of the 
ring carbons. Chang et al. (p. 1140) combined 
scray crystallography with multiple spectroscopic 
probes to map out the mechanism by which the 
CarC enzyme inverts the precursor configuration 
to its mirror image. 


Persistent Plume 


Energy from the solar wind is carried into Earth's 
magnetosphere and ionosphere through the 
reconnection of magnetic lines. 
When this coupling is strong, 
‘changes in the solar wind 
‘cause geomagnetic storms that 
perturb the magnetosphere 
and allow a plume of cool 
plasma to be released outward. 
As the plume rises from the 
ionosphere, it extends the 
boundary of its plasmasphere origin toward the 
magnetopause. Using simultaneous ground- 
based and satelite observations, Walsh et a. (p. 
1122; see the Perspective by Borovsky) show that 
this plume can persist for hours, extending al the 
way from the ionosphere to the magnetopause. 


Keeping HIV at Bay? 


Preexposure prophylaxis involving daily doses of 
drugs can, with variable success rates, interrupt 
HIV transmission for individuals at high risk of 
acquiring HIV infection. However, one reason for 
the variability seen in the response to such drugs 
isa lack of adherence to the prescribed regimen. 
Andrews et al. (p. 1151) formulated a potent 
integrase inhibitor asa long-acting agent that 
protected macaques from repeated intrarectal 
‘challenges of simian HIV. Decay of plasma 

levels of drug were associated with increased 
susceptibility to infection after virus exposure. 
The drug levels required for a high degree of 
protection could potentially be achieved with 
quarterly injections in humans. 
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Additional summaries 


River Reorganization 


As rivers flow, they slowly transform the 
landscape. Their channels migrate, banks 
erode, and rivers can even flow backward if 


merged with another river. To understand 


and horizontal movement of river drainage 
divides across three large river systems 

in China, Taiwan, and the United States. 

‘Along with numerical modeting, the results 
demonstrate the degree to which these basins 
are at topographic equilibrium, The 
ranging connectivity and topography 
of river networks influences how species 
migrate and how much material is 
delivered to larger bodies of water. 


Immune Variation 


Itis difficult to determine the mechanistic 
consequences of context-dependent 
genetic variants, some of which may be 
related to disease (see the Perspective by 
Gregersen). Two studies now report on 
the effects of stimulating immunological 
‘monocytes and dendritic cells with 
proteins that can elicit a response to 
bacterial or viral infection and assess the 
functional links between genetic variants 
and profiles of gene expression, M.N. Lee 
et al. (p. 1119) analyzed the expression 
cof more than 400 genes, in dendritic cells 
{rom 30 healthy subjects, which revealed 
how expression quantitative trait loci 
(eQTLs) affect gene expression within the 
interferon-f and the Toll-like receptor 

3 and 4 pathways. Fairfax et a. (p. 1118) 


THIS WEEK IN SCIENCE ie 


Plant Epigenetics 


Quantitative trait loci (QTLs) are genetic regions 
associated with phenotypic traits that help to 
determine the underlying genetics contrlling 
the magnitude of a specific trait. Cortijo et 

al, (p. 1145, published online 6 February; 

see the Perspective by Schmitz) identified 
epigenetic QTLs associated with differences 

in methylation marks (epiQTLs) controlling 
flowering time and root lenath in the model 
plant Arabidopsis. These epiQTLs were mapped 
in genetically identical lines that differ only in 
their methylation marks. A small number of QTLs 
were able to explain up to 90% of the heritable 
variation in these traits, Thus, in plants, the 
heritability of some complex traits can be 
determined by epigenetic variation 


how river basins balance erosional forces with 
regional tectonic uplift, Willett et al. (p. 1117) 
analyzed maps of a proxy for river elevation 


performed a genome-wide analysis to show that 
many eQTs affected monocyte gene expression 
ina stimulus- or time-specific manner, 
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Crystallography and Geopolitics 


DEVELOPED AND DEVELOPING NATIONS RECOGNIZE THAT INNOVATION IS KEY TO THEIR ECONOMIES. 
Connecting this with the discipline of crystallography may not seem immediately apparent, 
but during the past century, understanding the structure of matter has transformed indus- 
tries and created new frontiers, from the design of new medicines and materials to assess- 
ing the mineral content of Mars, The future global economy will be determined by progress 
in cutting-edge fields. However, the playing field is not level in crystallography, which is 
why the International Union of Crystallography (IUCr) and the United Nations Educational, 
Scientific and Cultural Organization (UNESCO) have marked 2014 as the International Year 
of Crystallography. The aim is to improve public awareness of the field, boost access to 
instrumentation and high-level research, nurture “home-grown” crystallographers in devel- 
oping nations, and increase international collaborations for the benefit of future generations. 
The development of scientifically influential ideas is most prominent in wealthy coun- 
tries, Those nations should continue to invest in science to remain economically advanced. 
They should not try to live off their existing scientific capital and hope to compensate for 
future shortfalls through business, management, and outsourcing to ostensibly “cheaper” 
countries. A developing country, on the other hand, needs to invest 
in science to define its own technologies and find a voice in interna- 
tional forums, But any country, wealthy or not, that lacks a healthy 
native scientific enterprise cannot make up the deficit by importing 
science from more scientifically advanced nations. Such attempts 
can never lead to a stable scientific culture or society. Embracing 
the relevance of science in one’s life and growing science locally are a>” 
the true measure ofa country’s scientific success, not the number of So 
Nobel Prizes that have been given to people who were born, lived, or 
worked in that country. 
The newly advancing economies of Brazil, Russia, India, China, 
and South Africa (the so-called BRICS nations) are investing heav- 
ily in science and technology. As a result, crystallography’s future 
‘may well lie in these parts of the world, which have people power and 
increasing economic muscle. By 2030, China, India, and the Afri- 
can continent will have 1.5 billion people each, most of whom will be educated. All of the 
‘Western world will by then have just 1 billion people. This means that “Chindiafrica,” with 
its 4.5 billion people, could exert a substantial geopolitical and scientific influence in the 
world, with the focal point being the Indian Ocean rather than the northern Atlantic 
The International Year of Crystallography has placed a special focus on Africa, Latin 
America, and Asia. The efforts include a plan for “open laboratories” that, in partnership 
with industry, will enable students in far-flung lands to have hands-on training in modern 
techniques and expose them to cutting-edge research in the field, Open labs in Uruguay, 
Ivory Coast, and Algeria are already on the anvil. The IUCr also is running a training pro- 
gram in crystallography, in which students from sub-Saharan Africa can obtain a Ph.D. in 
the field in more advanced locales, such as the Universities of the Witwatersrand and Cape 
Town in South Africa 
More-powerful synchrotrons and free-electron laser facilities will be needed to deter- 
mine increasingly complex structures. IUCr and UNESCO hope that setting up such faci 
ties will assist in expanding and strengthening crystallography beyond 2014, A good exam- 
ple of this is in Jordan, where governments are working together to construct the Synchro- 
tron-light for Experimental Science and Applications in the Middle East (SESAME). Brazil 
has impressive synchrotron facilities where collaboration among scientists from other Latin 
American countries is encouraged, More forums to guide research priorities, multinational 
partnerships, and funding arrangements are needed. What is most important is for scientists 
to interact seamlessly with the enormous amounts of data that will be generated in crystal- 
lography so that anyone, anywhere, can get any kind of structural information and use it 
profitably. Crystallography is a facilitating discipline, and this is why it will always endure. 
= Gautam R. Desiraju 
10.1126ience 1252187 
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EDITED BY KRISTEN MUELLER AND JESSE SMITH 


Opening Pandora’s Box 


‘The first woman on Earth, Pandora, had a “box,” or rather a jar, 
that Zeus commanded her to safeguard and never open. Of course 
she opened it, and thus evil spread around the world. Recently, 
an extraordinarily distinctive group of giant viruses that parasit- 
ize amoebas were described and named Pandoravirus, not because 
they contain all evil but merely because they are jar-shaped. Le 
gendre et al. have added to this still-tiny pantheon with another 
jar-shaped viral particle 1.5 m long, containing a rather diminutive 
{600-kb AT-rich genome (as compared to the up to 2.8-Mb genome 
seen in Pandoraviruses) and a cytoplasmic replication machinery te- 
sembling that of the original Megaviridae, The authors named the 
virus Pithovirus because Pandora's jar was called a “pithos” in ancient 
Greek. This virus was revived from a Siberian permafrost sample and 
infects amoebas. Although named for the jar and not its contents, giv- 
en its origins, this discovery hints that viruses more evil than Pithovirus 
might be revived as the tundra melts, — CA 
Proc. Natl. Acad, Sc. USA. 112, 10.1073/pnas.1320670111 (2014). 


ABetter-Known Electron Mass | yighty Reactive 


The mass of the electron is one of the funda- Abasic DNA 
mental constants of nature. Itis known to a high 
precision, but improvements are desirable in or- 
der to facilitate continued precision testing of the 
Standard Model of particle physics. The tiny mass, 
however, makes direct measurements very chal- 
lenging. Sturm et al use an indirect technique, 

in which an electron is bound to a carbon nucleus 
in a hydrogen-like configuration. This positively 
charged ion follows a circular orbit in an external 
magnetic field atthe cyclotron frequency, which 


The base on a DNA residue can be removed to 
leave an abasic site. This reaction can occur 
spontaneously, can be catalyzed enzymati- 
cally during certain repair processes, or can 

be induced by certain anticancer drugs and 
mutagens, The sugar of the abasic site can have 
two different structures that are in equilibrium: 
a cyclic hemiacetal form and a ring-opened 
form that bears an aldehyde group. Price et 


is proportional to the local magnetic field 8. 
At the same time, the spin of the electron 
precesses at a frequency also proportional 


to B. By measuring the ratio of these two gp 


‘requencies, one can determine the elec- 
tron mass, knowing the mass of the ion 
and the g factor of the bound electron, 
which is diferent from its well-known 
free-space Value; to estimate i, the 
authors used the theory of quantum elec 
trodynamies and related measurements in 
a silicon system. The measurements were 
performed in a Penning-trap setup and 
Yielded a relative precision of 3 x 10°" in 
the electron mass, a value 13 times smaller 
than the uncertainty of the current accepted mass 
obtained by weighted averaging of literature 
values. It is expected that the improved result will 
enable future fundamental physics experiments 
that were previously impossible. —JS 

‘Nature 10.203B/nature13026 (2014), 


me sary 


al. report that if the abasic site is 
opposite an adenine residue 
‘on double-stranded DNA, 
the aldehyde group of the 
ring-opened structure can 
react with the exocycle amino 
group of the adenine (the M*-amino 
group) and form a stable covalent 
cross-link. The formation of cross- 
links, which are among the most 
deleterious of DNA mutations, 
‘occurs in remarkably high yields, 
S from 25 to 70% under physiologi- 
cally relevant conditions, versus the 
2 to 3% yield observed previously for similar 
reactions with guanine residues. This difference 
arises because the N*-amino group of adenine is 
positioned in the major groove for adenine but 
the corresponding N?-group of guanine is in the 
minor groove, — PDS 
1. Am. Chem. Soc. 10.102'V)a410969x (2014). 


Aging Nucleosomes 


DNA association with histone proteins to form 
nucleosomes provides barriers to transcription 
and replication and in this way provides careful 
regulation of these processes. As yeast age, his 
tones ae less prevalent and their overexpression 
is inked to increased life span. Given their regu- 
latory nature, one might expect that a global loss 
of histones would result in increased expression 
ofall genes; however, it has been reported that 
the expression of some genes goes up, whereas 
the expression of others goes down with aging 
Hu etal. mapped nucleosome localization in ag- 
ing yeast and revealed that nucleosomes became 
“fuzzier’—their postions became more variable 
along the DNA—and they showed a reduced 
periodicity, the tendency to recur at certain 
distances along the DNA. In contrast to studies, 
showing increased repression of some genes dur 
ing aging, a global loss of approximately 50% 
‘of nucleosomes correlated with the induction of 
expression ofthe entire genome. Furthermore, 
genes with the greatest induction contained 
sequences that more strongly assemble with 
nucleosomes. In addition to nucleosome loss and 
the induction of gene expression during aging, 
there was greater DNA damage at sites such as, 
the ribosomal DNA locus and in mitochondrial 
DNA, as well as increased chromosomal trans 
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locations. Whether similar changes in nucleo- 
‘somes are associated with aging in higher eukary- 
oes is yet to be determined, — BAP 

Genes Deu, 28, 396 (2014) 


cancer 
Metastasis in the Light 


Cutaneous melanoma is less common than other 
forms of skin cancer but is far more deadly, 
especially if not detected at an early stage. 
Ultraviolet (UV) Light from the Sun plays a key 
role in the initiation of melanoma by induc- 
ing mutations in the DNA of melanocytes, the 
pigment-producing cells in skin. A new study 
suggests that UV light does damage well beyond 
this early role: It appears to trigger a chain of, 
pathologic events that facilitate metastasis. 
Studying a mouse model, Bald et af. found 
that repetitive exposure of primary melanomas 
to UV light did not increase tumor incidence or 
growth but rather increased the number of lung 
metastases. Closer examination revealed that 
UV light induced the recruitment of certain im- 
mune cells (neutrophils) to the primary tumor. 
This inflammatory response in turn activated 
endothelial celts (cells that line blood vessels) 


and triggered migration of the melanoma cells 
toward them, resulting in the expansion of 
tumor cells along blood vessels. This "angiotro- 
phic” growth pattern is thought to increase the 
likelihood that tumor cells enter the blood- 
stream and metastasize, Consistent with this, 
human melanoma samples with high levels of 
neutrophils were more metastatic. — PAK 
Nature 10.1038/nature13111 (2014). 
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synthetic Controls 


Most of the anthropogenic warming of climate 
caused by greenhouse gas emissions is due 
to radiative forcing by carbon dioxide, the 
molecule that has garnered the lion's share 
of public attention. It isnot the only emitted 
gaseous species that affect climate, how- 
ever. Another class of compounds, long-lived 
synthetic greenhouse gases (SGHGs; gases with 
no significant natural sources and lifetimes of 
at least 1 year), has received far less attention 
although its constituents are responsible for a 
significant amount of warming, providing near- 
ly 20% of the direct radiative forcing increase 
due to carbon dioxide since the preindustrial 
era, Rigby et al. examine recent trends in 25 of 
the most abundant SGHGs and construct emis- 
sions scenarios in order to estimate their future 
impacts on global warming. They find that if 
the relevant recommendations of the Montreal 
Protocol are implemented, overall SGHG radia- 
tive forcing would be reduced by approximately 
26% by 2050, as compared to a poticy without 
such contrals, a cumulative reduction equiva- 
lent to 0.5 to 2.8 years of carbon dioxide emis- 
sions at current levels. — HJS 

Geophys. Res, Lett. 10.1002/201361059099 (2014), 


neunos 
Methylation Sees the Light 


‘Animals, including humans, are sensitive tothe 
length of cycles of light and darkness to which 
they are exposed. Disruptions of normal cycles by 
shift work or by exposure to bright lighting during 
normal periods of darkness can cause medical 
problems or distupt learning and memory. Azz 
etal. explored the mechanism by which mice 
responded to light/dark cycles that were shifted 
to be 22 hours long rather than 24 hours. This 
environmental change caused alterations in the 
expression of hundreds of genes in the superchi- 
asmatic nuclei of the brain where the master circa- 
dian clock is located. Changes in DNA methylation 
in over 1000 regions of DNA that are associated 
with the change in light cycle were also observed. 
‘Affected genes included those encoding the clock 
components Per2 and Cry2, where the changes 
in methylation were correlated with changes in 
transcription, Treatment of animals with an inhibi- 
tor of DNA methylation reduced the effects of the 
altered light cycle on the behavior ofthe animals. 
Thus, changes in DNA methylation at promoters 
or within the body of genes may mediate some of 
the effects of changes in light cyle on physiologi- 
cal function, —LBR 

Not: Neurosci, 10:1038/nn.3651 (2014), 
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Cairo 1 
MERS Found in African Camels 


Middle East respiratory syndrome (MERS), 
the deadly viral disease discovered in Saudi 
‘Arabia in 2012, may be an African problem, 
too. Evidence suggests that camels in the 
Middle East are helping spread the disease, 
but researchers have now found it in camels 
shipped from Africa as well 

MERS has sickened 183 people and 
killed 80, most of them in Saudi Arabia 


= 


Malik Peiris, an infectious disease researcher 
at the University of Hong Kong, and col- 
leagues collected samples from four Egyp- 
tian abattoirs and found that most camels 


carried antibodies against MERS in their 
blood. They also found MERS RNA—a sign 
of current infection—in nose swabs from 
four animals shipped in from Sudan and 
Ethiopia, Peiris cautions that camels could 
have picked up the virus on their final jour- 
ney in Egypt, but says that “health authori 
ties really need to test patients with severe 
pneumonia all across Africa for MERS.” 
Another research team also reported last 
week that MERS is older than thought: Anti- 
bodies were present in camel serum samples 
from a Saudi archive going back to 1992. 
hnttp:/scim.ag/AfricaMERS 


London 2 


U.K. Proposes Regulat 
For Three-Parent Embryos’ 

‘The U.K. government last week issued draft 
regulations that would let researchers try a 
controversial new in vitro fertilization proce- 
dure in patients. The technique could allow 
‘women who are carriers of mitochondrial 
disease to have healthy, genetically related 
children by transferring the DNA from 

their egg cells into a donor egg cell that has 
healthy mitochondria, Such altering of genes 
of human egg cells or embryos is currently 
forbidden in the United Kingdom, 

‘The proposal would permit the proce~ 
dure only for women who are highly likely to 
pass on the disease, The mitochondrial donor 
‘would have no claim to parental rights, and 
donors and recipients would be kept anony- 
‘mous, unless both parties wanted to meet 
After a public comment period through 
21 May, the Department of Health will pres- 
ent a final proposal to Parliament, The pro- 
cedure is also under scrutiny in the United 
States, where advisers to the Food and Drug 
Administration last week expressed con- 
cers that itis not quite ready for human 
clinical trials, http:/scim.agimitolVE 


Tanegashima, Japan 3 
Researchers Eye Tethers 

For Space Debris 

‘The Japan Aerospace Exploration Agency 
(AXA) on 28 February launched a satel- 
lite to testa scheme to rid space of zombie 
satellites and other junk orbiting Earth. The 
9-kilogram Space Tethered Autonomous 
Robotic Satellite-2 (STARS-2) is the first 
step toward a new debris-gathering tech- 
nique. Scientists hope to use space robots 
to connect a long conductive wire to each 


chunk of debris. Dragged through Earth's 
‘magnetic field, the tether generates an elec 
tric current that dissipates as heat, drain- 
ing kinetic energy from the system. This 
electrodynamic drag should pull debris into 
the atmosphere, where it will burn up. Over 
the next 3 to 6 months, STARS-2 will test 
tether deployment and electricity genera- 
tion as a step toward future missions that 
will actually capture debris, 

Developed by researchers at Kagawa 
University in Takamatsu, STARS-2 was one 
of seven university-designed microsatellites 
piggybacking on the launch of the Global 
Precipitation Measurement Core Observa- 
tory, jointly developed by JAXA and NASA 
to monitor rain and snow worldwide. 


Harbin, China 4 


Infamous Experimentation Site 
To Become Historical Park 
Amid rising political tensions with Japan 
and other Asian neighbors, China announced 
this week that it plans to construct a “cultural 
park” on the site of Unit 731, where scientists 
‘under the Imperial Japanese Army carried out 
horrific experiments during the Second Sino- 
Japanese War and World War I 

‘The army established the covert unit, 
officially called the Epidemic Prevention 
and Water Supply Department, in Harbin in 
1936, For nearly a decade, scientists there 


NOTED 

>Human genome sequencing pioneer 
1. Craig Venter has jumped with both 
feet into biomedical sequencing, this 
week announcing his latest venture, 
Human Longevity Inc. With $70 million 
in startup funding, the company plans to 
study cancer patients, and later, cente- 
narians and children, by sequencing their 
genomes and cataloging their micro- 
biomes. The goal is to harness these data 
to make long-term predictions about 
health and ultimately improve preven- 
tive medicine. 
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infected men, women, and children with 
plague, anthrax, and other biological agents 
and conducted vivisection without anesthe- 
sia, Thousands of Russians, Chinese, and 
other Asians died in the experiments, 
After World War Il, the US. govern- 
ment agreed to conceal what happened ifthe 
researchers shared the results of the experi- 
3 ments, The new park will feature artifacts 

2 from biological warfare tests, but bioethicist 
5 sJing-Bao Nie of the University of Otago, 
§ Dunedin, in New Zealand suspects it could 
be larger place for entertain- 
ment and tourism, rather than one in mem- 
ory of victims.” 


: 
5 


® Devastated Agency Foresees 
2 Slow Recovery 
& Spain's largest public research organization 
faces years of croded research activity and a 
& decreasing workforce, its leadership revealed 
in a grim report released 26 February. The 
Spanish National Research Council (CSIC) 
action plan for 2014 to 2017 outlined efforts 
toaddress a lack of positions and lim- 
ited management flexibility 
Afler seeing its government fund- 

lashed by 36% from its 2008 
peak, the council neared bankruptcy in 
2013. Ithas lost more than 2000 staff 
members since 2011, most of them 
on temporary contracts, and gov- 
emment restrictions have prevented 
CSIC from filling research posts as 

‘emtiss retire. The agency intends to 
start repairing the damage by resum- 
ts Ph.D, and postdoc recruitment 


A global network of seismometers has located the largest 
know 
face of Mount La Perou: 


natural landslide since 2010. On 16 February, a sheer 


in Glacier Bay National Parkin Alaska 


collapsed, That day, while checking a list of seismic events, 


cophysicist 


Doherty Earth Observatory in Palisades, 


in Stark of Columbia University’s Lamont 


New York, noticed 


a signal indicative of a landslide, Analyzing the signal using 


a technique Stark helped de 
p. 1416), colleague 
Hibert reconstr 
the top of the glacier, then slid 0 


lop (Science, 22 March 2013 
ran Ekstrim and postdoc Clément 
sd how the face collapsed, slammed into 
the ice. Perhaps 68 mil- 


lion tons of rock, snow, and ice hurtled 7.4 kilometers, they 
estimate. This satellite image, 10 kil 
taken on 25 February. 


program, seeking government approval for a 
new tenure-track program, and helping 
tists seek international grants 

Some Spanish scientists have commended 
the plan for being realistic, but critics worry 
that it fails to address the roots of the prob- 
Jem, including limited autonomy to pursue 
new research and a lack of strong leadership 
within CSIC institutes. https/scim.ag/_CSIC 


EPA Puts Hold on Copper 
Mine Permi 
The US. Environmental Protection Agency 
(EPA) has halted the permit application for 
a large copper mine while it evaluates how 
to protect valuable habitat. The controver- 
sial Pebble Mine near Bristol Bay, Alaska, 
could produce as much as 300,000 metric 
tons of copper a year, but it threatens a fish- 
ery, worth $1.5 billion a year, which provides 
one-half of the world’s sockeye salmon, 

‘An EPA report found that the mine would 
destroy or bury 68 square kilometers of 
habitat and endanger other areas. Under the 


Bristol Bay 


(Clean Water Act, EPA lets the US. Army 
Corps of Engineers decide whether to issue 
a permit to harm wetlands. But the Pebble 
Mine is one of 30 cases where EPA has 
decided to evaluate the proposal its 

‘Tom Collier, CEO of the Pebble Limited 
Partnership, called EPA's decision a “major 
overreach” based on inadequate research. 
‘The price of shares in Northern Dynasty 
Minerals, the sole remaining backer of the 
partnership, fell 30% after the decision was 
announced on 28 February 


Obama Proposes Extra $5 Billion 
For Science, but Strings Attached 
President Barack Obama presented a 

$3.9 trillion budget request to Congress on 

4 March that includes about $135 billion for 
US. government research programs in the 
2015 fiscal year, which begins 1 October. 
Overall, the proposed budget would give 
just small increases to the National Institutes 
of Health, the National Science Foundation 
(NSF), the Department of Energy's Office 
of Science, and other heavyweight funding 
agencies, But it requests $5 billion in ad 
tional spending for a number of initiativ 
including 1000 additional research grants 
at NSF; a new biosafety research laboratory 
in Athens, Georgia; and a new high-risk, 
high-reward funding program for biomedical 
science modeled on the military's Defense 
Advanced Research Projects Agency. Con- 
gress, however, is likely to balk at the tax 

and spending changes needed to free up that 
money. See Science's ongoing budget cover- 
age at http://scim.ag/Budget15. 
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NEWSMAKERS: ments on their own THEY SAID IT 
2 ended up creating a 
Three O's eeaaeed 1 was drunk in the bubble 


narrative that we never 
Since segueing from a Ph.D. in could have dreamed of. I created.” 
theoretical physies to filmmaking, 
Mark Levinson has done post- 
production work on movies includ- 
ing Cold Mountain and The Social 
Network. But Particle Fever—his 
first documentary—combines the 
two loves. Released this week, 
the film follows six physicists we were going to show 
through the breakthroughs and them accurately. The one | at the Woods Hole Oceanographic Institue 
heartbreaks leading to the discovery ofthe | requirement was, “Please, just don’t make | tion in Massachusetts. Chantal Abergel and 
Higgs boson in 2012. us look boring Jean-Michel Claverie from Aix-Marseille 
University in France simply dissolved 
Q: Why did you want to | FINDINGS 32,000-year-old frozen soil from Siberia and 
direct this movie? ‘lenni mixed in amoebas, known hosts for giant 
MLL: Infiction films, | Viruses on Ice for Millennia viruses. The newly discovered virus, called 
usually you see ste- Still Infectious Pithovirus sibericum, killed the amoebas, 
reotypes of scientists, | Researchers have brought to life a giant virus | which suggests that other pathogens can 
and you don't really | dating back tothe days 
/ see the excitement, the | of the last Neandertals, 
humanity, what really | Previous projects have 
drives them, That was | resurrected ancient patho 


—Korean stem cell researcher Woo 
Suk Hwang, whose 2009 conviction on 
embezzlement and bioethics violations 
was upheld last week, in a recent inter- 

view. http://scim.ag/HwangCourt 


Q: How did the scien- 
tists respond to having 
their work filmed? 
MLL: They were really 
very open. I think they 
trusted the fact that 


permafrost and may be let 
loose as the planet warms, 
the researchers report this, 


something that I knew, and felt strongly gens, such as the 1918 flu week in the Proceedings 

about. ... The idea was to do a narrative, | virus, by reconstructing of the National Academy 

dramatic story. their genomes from old of Sciences. P sibericum 
DNA, but “nobody has, is the biggest virus dis- 


covered to date, but has, 
about half the DNA of 

other giant virus 
httpz//scim.ag/icevirus 


fas it hard to generate that kind of been able to use a virus 
excitement from 4 years of particle physics? | that old to infect a host,” 
MLL. The ingredients were there. We didn’t | says Marco Coolen, 
have to generate that. The actual develop- | molecular paleoecologist 


Random Sample 


Largest Rodent Could Be Lab Rat for Stroke Studies 
People undergo dramatic changes during puberty, but we've got nothing on the 
capybara. For reasons still mysterious to scientists, the world’s largest rodent 
shuts off one of the main supplies of blood to its brain when it reaches sexual 
‘maturity, That makes the South American rodent an ideal natural model for 
studying stroke, a group of researchers in Brazil now proposes. 

In both humans and capybaras, there are two main sources of blood to the 
brain: the internal carotid artery, which runs up each side of the neck, and the 
basilar artery, which begins at the base of the skull. When a capybara begins to 
sexually matute at about 6 months of age, its internal carotid artery becomes 
‘logged with collagen and can no longer transmit blood. Still, “capybaras seem 
to cope very well” with the transformation, says University of Sao Paulo vet- 


erinary anatomist and surgeon Augusto Coppi. As the carotid artery closes, the 
rodent’s basilar artery doubles in size to keep the brain supplied with blood. | © 

When one of these arteries becomes blocked in a human, however, the other | © 
“doesn't have enough time to adapt,” Coppi says—and the result is a stroke. 
In a recent paper in Cells Tissues Organs, he and colleagues argue that study- | 2 
ing the capybara could help scientists figure out how to make human arteries 
behave more like their capybara counterparts and quickly pick up the slack if |B 
their companion shuts down. ) H 
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SCIENTIFIC MISCONDUCT 


Sabotaged Scientist Sues 
Yale and Her Lab Chief 


When Magdalena Koziol suspected that 
someone was sabotaging her research at 
Yale University, she did what comes natu- 
rally to a scientist: She set up a controlled 
experiment to test her hypothesis, 

Koziol’s studies of how the genome 
switches on after an egg is fertilized had 
begun failing mysteriously in July 2011, 
a month after she started her postdoc in 
the developmental biology lab of Antonio 
Giraldez. In August, she began producing 
jenic zebrafish; they all died, not 
once, but time after time. A lab technician 
assured her she was doing everything right, 
and colleagues’ fish were fine. So Koziol 
produced a new batch of fish and divided 
them in two groups. One she put in a 
container labeled with her initials, MK, as 
she had done before. She left the other half 
unmarked. Sure enough, the labeled fish 
died; the others were fine 

The experiment was a key step in proving 
that someone was tampering with her 
experiments, according to a lawsuit Koziol 
filed with the Superior Court in New Haven 
on 7 February, When hidden cameras were 


installed in the lab, they revealed a fellow 
postdoc poisoning her fish, the complaint 
says. Now, Koziol is suing the alleged 
perpetrator, Polloneal Jymmiel Ocbina. 
According to the complaint, he left Yale 
after he was caught on video. 

But Koziol, now at the Gurdon Institute 
at the University of Cambridge in the United 
Kingdom, is also suing Giraldez and Yale 
University. In her complaint, she alleges 
that after the saboteur was nabbed, Giraldez 
didn’t allow her to speak about the affair, 
became increasingly hostile, and threatened 
to fire her. Koziol accuses him and Yale 
of negligent and intentional infliction of 
emotional distress and breach of contract. 
Among other things, she’s asking for an 
‘unspecified amount of compensation for the 
lost time and funding —she had a grant from. 
the prestigious Human Frontier Science 
Program Organization (HFSPO)—attorney 
fees, and emotional suffering. 

Ocbina, who now works at a commu- 
nications company in New York City, 
declined to comment because the case is in 
court; so did Giraldez, Yale sent Science a 


From lab to courtroom. Magdalena 
Koziol claims her boss retaliated against 
her after a fellow postdoc tampered 
with her experiments 


statement that acknowledges the 
sabotage and says the culprit’s 
employment was terminated 
immediately. But the university 
dismisses Koziol’s complaints 
against her former boss and Yale 
and says that it “will mount a 
vigorous defense 

The complex case raises a 
host of questions about how to 
deal with sabotage, a type of 
misbehavior that some scientists 
believe is more common than the 
few known cases suggest. One 
key point of debate is whether 
ruining someone’s experiments 
should fall under the definition 
of research misconduct, which is, 
usually restricted to fabricating 
or falsifying data and plagiarism. 
Some experts argue that wrecking 
experiments, while terrible, is more akin to 
slashing a fellow researcher's tires than to 
making up data 

Koziol declined to discuss the case with 
Science on the advice of her lawyer. Her 
complaint says that she first repeated her 
fish experiment to persuade Giraldez, who 
suspected the animals were poisoned with 
ethanol. Koziol told him she also had reason 
to believe someone had spiked her reagants. 
Giraldez and Robert Alpern, dean of the 
Yale School of Medicine, agreed to install 
the secret cameras that supposedly fingered 
Ocbina, (The complaint doesn’t speculate 
about his possible motives.) Giraldez and 
Yale lawyer Howard Rose confronted Ocbina 
with the evidence on 8 March 2012, and he 
confessed, according to the complaint. At 
a lab meeting the next morning, Giraldez 
said Ocbina would not return to the lab and 
told his group not to discuss the incident. 
He also threatened Koziol with “legal 
consequences” and “prosecution” if she did, 
she claims. 

From then on, Koziol’s relationship 
with her boss deteriorated. The complaint 
says he refused to provide her with a letter 
about the sabotage, which presumably 
would have helped explain her lack of data 
to future employers. Koziol alleges that he 
criticized her work and character, didn’t 
help her make up for the lost time, gave 
her “angry looks when passing in the lab,” 
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didn’t list her as a contributor to a Nature 
article, and threatened to fire and “destroy” 
her. Koziol became depressed, suffered 
from sleeplessness, and gained weight; 
when she and Giraldez talked for 3 hours in 
August 2012, Koziol “cried throughout the 
meeting,” the complaint says. 

Koziol filed a grievance procedure 
against Giraldez, which she lost; Yale, in its 
statement to Science, calls her allegations 
against Giraldez and the university 
“factually distorted and legally baseless.” 
Giraldez’s request to lab members not to 
disouss the case was “[iJn keeping with 
the law of the State of Connecticut, which 
protects the confidentiality of certain 
employment information,” the university 
says. Lisa Rasmussen, a philosopher and 
research ethicist at the University of North 
Carolina, Charlotte, says it’s not uncommon 
for misconduct cases to remain under 
wraps because the law requires a university 
to protect personal information about its 
employees. But Koziol’s lawyer, Daniel 
Kryzanski, says that the university cannot 
restrict free speech about the reasons why 
someone was fired. 

Publicly known incidents of sabotage 
in science are rare. The only recent one in 
the United States happened 4 years ago 
at the University of Michigan, 
‘Ann Arbor, where a postdoc 
named Vipul Bhrigu confessed 
to repeatedly killing the cultured 
cells of a colleague, Heather 
‘Ames, also using ethanol. He, too, 
was caught using hidden cameras. 
Bhrigu told a Nature reporter that 
he was under “internal pressure,” 
and that he had hoped to slow 
Ames’s work 

‘Theodora Ross, Ames’s boss at 
the time, says that after the case 
became public, she heard from 
many people who suspected or 
knew of foul play in their own 
labs or elsewhere, “I think it 
happens a lot,” says Ross, who's 
now at the University of Texas 
Southwestern Medical Center 
in Dallas, Sabotage isn’t hard to 
commit, especially in biomedical 
labs, where samples and reagents 
are often stored in communal cabinets or 
fridges. And it’s hard to detect or prove; 
plenty of experiments fail without anyone 
committing mischief, 

Koziol’s complaint also contends that 
Yale broke its contract with her by failing 
to report her case to the Office of Research 
Integrity (ORI), the U.S. agency that 


investigates misconduct, 
in federally funded 
biomedical research, 
In Bhrigu’s case, that’s, 
what happened: The 
university reported 
the case to ORI, while 
the state of Michigan 
prosecuted Bhrigu, 
who pleaded guilty to 
malicious destruction 
of property and was 
sentenced to more than 
$30,000 in fines and 
restitution, 

Kryzanski, Koziol’s 
lawyer, says Yale didn’t 
report the case to the 
police as a potential 
crime. Yale declined 
to specify how it has 
treated Ocbina’s case, 
but its statement says that Giraldez notified 
the U.S. National Institutes of Health, 
which funded Ocbina’s work and is one of 
the agencies under ORI's purview. An ORL 
spokesperson told Science that the office can 
“neither confirm nor deny” whether it was 
informed about the case. 

Whether sabotage belongs under ORI's 


“After Defendant Ocbina resigned or was 
terminated, Defendant Giraldez did not 
allow the Plaintiff and other members of 
his laboratory group to talk about the 
incident, and Giraldez even threatened 
the Plaintiff with ‘legal consequences’ and — 
‘prosecution’ if she were to talk about the 
incident. Defendant Giraldez also denied 
the Plaintiff documentation confirming that 
her fish had been poisoned." 


‘Magdalena Koziol v. Yale University, Pallaneal Jymmiel 


Ocbina and Antonio Giraldez 


purview is questionable, Rasmussen says. 
A long and contentious debate took place 
in the 1990s over whether the U.S. federal 
definition of research misconduct should 
include anything beyond fabrication, 
falsification, and plagiarism, commonly 
referred to as FFP. Some argued that other 
types of bad behavior, such as sexual 


Mentor. After leaving Yale, Koziol returned 
to the Cambridge, U.K, lab of Nobel laure- 
ate John Gurdon, who stronaly supports her. 


harassment or vandalism, 
could constitute research 
misconduct as well; others 
said that would open the 
floodgates to all kind 
of accusations, and that 
such misdeeds could be 
dealt with through other 
‘mechanisms, 

Intheend, ORI adopted 
the FFP-based definition, 
Yet it did issue a ruling in 
the Bhrigu case: in 2011, 
the ageney ruled that his 
tampering “caused false 
results to be reported 
in the research record,” 
and thus amounted to 
data falsification. The 
research record, in this 
case, was simply the lab 
notebooks in which Ames 
recorded her failed experiments, Ross 
says; Bhrigu’s obstruction didn’t result in 
any flawed papers. It will be “interesting” 
to see whether ORI has gotten involved in 
the Ocbina case, Rasmussen says, because 
Koziol presumably mentioned the dead fish 
in her notebooks as well. 

Koziol left Yale in March 2013 and 

retumnedtothe lab of Nobel laureate 
John Gurdon in Cambridge, where 
she had done her doctoral work. 
“I was very happy to have her 
back,” Gurdon says, “because her 
work is excellent. She was a model 
student.” Gurdon helped secure @ 
small grant for Koziol and donated 
some of his personal money to 
keep her going. He’s optimistic 
about her chances against Yale. 
hey wrote her a letter promising 
her circumstances in which she 
could conduct her research,” he 
says. “And they quite clearly 
did not provide even remotely 
adequate circumstances.” 

Gurdon has written HFSPO, 
Koziol’s funder, urging the 
program to withhold support for 
Yale if the university can’t properly 
explain what happened. HFSPO 
Secretary General Ernst-Ludwig 
Winnacker says he sympathizes with Koziol, 
but does not know the details of her case. 
He says he had urged the parties to avoid an 
expensive and lengthy court fight. “It would 
have been much better if they had reached a 
compromise,” Winnacker says. “It’s too bad 
they couldn't.” 


MARTIN ENSERINK, 
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A Bid to Thwart HIV With Shot of Long-Lasting Drug 


A single injection of an anti-HIV drug may 
someday protect people from infection with 
the AIDS virus for up to 3 months. That's the 
implication of monkey experiments reported 
(on page 1151 in this issue of Science. “This, 
is the most exciting thing happening that | 
know of in HIV prevention studies today? 
says Robert Grant, a virologist at the 
University of California, San Fran- 

cisco (UCSF), who was not involved 

in the studies, 

A vaccine to prevent HIV 
infection is still the ultimate goal, 
says David Ho, whose team at the 
Aaron Diamond AIDS Research Center 
in New York City led the new monkey 
studies. But Ho says the long-lasting, 
injectable drug “may be able to fill 
that gap.” 

This novel approach builds on the 
proven strategy of protecting people 
uninfected with HIV using antiretroviral 
pills—so-called oral pre-exposure 
prophylaxis, or PrEP. Approved by the US. 
Food and Drug Administration (FDA) in 
2012 for people at high risk of HIV infection, 
oral PrEP has one serious shortcoming: 
Pills prevent infection only if people take 
them every day. Grant, a pioneer of oral 
PrEP studies in humans, notes that healthy 
young people have been slow to adopt oral 
PrEP—and they account for 40% or so of the 
new HIV infections each year. “Receiving 
injections every 3 months would be a game- 
changer for them,” he 

Working with researchers from 
drugmaker GlaxoSmithKline (GSK) in 
Research Triangle Park, North Carolina, 
and the Tulane National Primate Research 
Center in Covington, Louisiana, Ho and 
his colleagues tested an experimental drug, 
dubbed GSK744, that inhibits an enzyme 
the virus depends on to integrate 
into human chromosomes and copy 
itself (see graphic), The integrase 
inhibitor is an analog of a GSK pill 
called dolutegravir, which the FDA 
approved in August 2013 to treat 
HIV infections. An offshoot of GSK, 
ViiV Healthcare, initially began 
developing GSK744 as an injectable 
treatment, not a preventative; small 
human safety and pharmacokinetic 
studies have been completed. 

Ho says GSK744 has two 
“magical properties.” First, it's 
insoluble, so at high concentrations 


Plasma GSK744 (uigimL) 


GSK744 forms crystals when suspended 
in a liquid. “When this nanosuspension is 
injected, it essentially creates a depot effect 
and the drug bleeds out at a predictable 
rate,” Ho explains. GSK744 is also slowly 
metabolized (see graph), 

An initial experiment first reported 


6 HIV particle 
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Breaking the cycle, One GSK744 injection may dis 
‘upt infection for manths by inhibiting HIV integration, 


at the Conference on Retroviruses and 
Opportunistic Infections (CRO!) in March 
2013 showed that injections of GSK744 
could give macaques long-lasting protection 
against a hybrid simian-human AIDS virus 
dubbed SHIV. The researchers gave two 
injections of the drug to eight macaques and 
then “challenged” the animals by putting 
SHIV into their rectums once a week. After 
eight challenges, none of the animals became 
infected. In contrast, SHIV readily infected 
eight untreated control monkeys. Next, the 
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Durable product. A GSK744 dose lasts for an unusually long 
time in both human and monkey blood, 


researchers quantified how long a single dose 
could protect the animals. After injecting 
12 macaques with GSK744 and waiting 
| week, they began weekly challenges with 
SHIV until the animals became infected. 
On average, the drug stopped working at 
the 10th challenge. Monkeys clear the drug, 
much more quickly than humans do, so 
Ho and co-authors contend the protection 
should last even longer in people. 
SHIV in monkeys, of course, may not 
reflect what happens with HIV in humans, 
and drug toxicities may surface. But a 
monkey model accurately predicted the 
effects of oral PrEP, and Ho says he is, 
encouraged by the excellent safety 
profile of dolutegravir. (Ho's group and, 
separately, a research team from the 
US. Centers for Disease Control and 
Prevention, presented monkey data this 
week at CRO! 2014 that show the drug 
‘works against vaginal infection, too.) 
Philip Johnson of the Children’s 
Hospital of Philadelphia in Pennsylvania 
thinks compliance could be a problem 
even with long-lasting PrEP. “This is 
going to require multiple injections over 
the lifetime of an individual,” Johnson 
says. “How feasible is it truly in the long, 
term?" Johnson is working on another PrEP. 
approach that stitches a gene for a powerful 
anti-HIV antibody into a harmless virus 
that theoretically can produce it indefinitely. 
“Our goal is one injection, one encounter, 
and we're done,” Johnson says. But he 
acknowledges that this gene therapy faces 
steeper regulatory hurdles than GSK744, 
Salim Abdool Karim, an epidemiologist 
who heads the Centre for the AIDS 
Programme of Research in South Africa, is, 
most excited by the prospect of combining, 
GSK744 with other injectable antiretrovirals 
to simplify treatment, especially in hard-hit 
countries like South Africa. “The potential of 
these drugs is enormous for treatment,” says, 
Karim, who is based in Durban, As with PrEP, 
many people now receiving antiretrovirals, 
have problems with adherence, potentially 
breeding drug-resistant strains of HIV. 
UCSF's Grant says he's in discussion with 
ViiV Healthcare about helping run large- 
scale PrEP trials of GSK744 in people. He 
says studies likely will have to show only that 
the drug is safe and better than the oral PrEP 
now on the market, which means they could 
be completed within a few years 
JON COHEN 
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Diet Studies Challenge Thinking on Proteins Versus Carbs 


‘Anew theory about the foods that can extend 
life is taking shape, and it’s sure to be a con- 
troversial one. Two studies out this week, one 
in mice and another primarily in people, sug- 
gest that eating relatively little protein and 
lots of carbohtydrates—the opposite of what's 
urged by many human diet plans, including 
the popular Atkins Diet—extends life and 
forties health. 

‘The research challenges other common 
wisdom, too. The authors of both studies 
believe that calorie restriction, a drastic 
diet that helps mice and other species live 
much longer than normal, may work not 
because it slashes calorie intake, but mostly 
because it cuts down on protein, They also 
speculate that the low- 
protein/high-carbohydrate 
balance that appears to 
extend life in the two 
studies, published in Cell 
‘Metabolism, could clarity 
why slightly plump people 
live longer on average than 
skinny ones—something 
epidemiologists have been 
hard-pressed to explain. 

“If these two studies are 
really correct, what people 
in general are trying to do” 
to get and stay thin “might 
be completely wrong 
in terms of maintaining 
health and even longevity.” 
says Shin-ichiro Imai, a 
‘molecular biologist at Washington University 
in St, Louis who studies aging. 

‘The “if” is a big one, however. The 
interplay between diet and health is 
extraordinarily complicated, and protein 
diets in particular have sparked confusion, 
On the one hand, some researchers have 
found a correlation between consuming 
lots of protein and heart disease. On the 
other, high-protein diets have been linked to 
improved metabolic profiles, such as lower 
blood glucose levels. Teasing out the role of 
protein versus otal calories or carbohydrates, 
is no easy task. “There are a whole lot of 
variables here,” says Cynthia Kenyon, who 
studies the biology of aging at the University 
of California, San Francisco, 

‘An Australian group led by nutritional 
physiologist Stephen Simpson and 
biogerontologist David Le Couteur at the 
University of Sydney tried to clear up some 
of the confusion by assigning 858 mice to one 


of 25 diets with different mixes of protein, 
carbs, fats, and fiber. All were allowed to eat 
as much as they wanted 

‘The mice whose diets included 5% to 
15% protein and 40% to 60% carbohydrates 
lived the longest, up to 150 weeks compared 
‘with 100 weeks for those on a diet of about 
50% protein. By comparison, Americans on 
average take in about 16% of their calori 
from protein, The animals on the low-protein, 
high-carb plan also had lower blood pressure, 
better glucose tolerance, and healthier 
cholesterol. (Levels of fat in their diet didn’t 
seem to make much difference.) 

Mice that ate lots of protein were 
skinnier—just as people on high-protein 


Healthy weight. A skinny mouse (body x-ray scan, left) ae lots of protein and few carbs, but 
it wasnt as healthy or long-lived as its counterpart on a low-proteinihigh-carb diet 


diets tend to be. But for these mice, slender 
translated to ill health and earlier death. 
This finding, Le Couteur says, supports the 
“concept of healthy obesity.” which has been 
raised by epidemiology studies of slightly 
overweight people. He suggests that if their 
diet is higher in carbohydrates and lower in 
protein than usual, that might be responsible 

‘The second study, led by gerontology 
researcher Valter Longo and graduate 
student Morgan Levine at the University 
of Southern California in Los Angeles, 
focused on data from 6381 adults over 
50 years old who were interviewed once 
about their diet as part of NHANES, a 
national survey of health and nutrition. 
Longo’s team used death records to conclude 
that those under 65 whose self-reported 
diets they classified as high-protein—the 
participants said at least 20% of their calori 
‘came from protein—were at much higher risk 
of illness and death than a group who took in 


10% or fewer of their calories from protein, 
‘The high-protein eaters were more than four 
times as likely to die from cancer over the 18 
‘years after they were surveyed, and 75% more 
likely to die of any cause. 

‘Those leaping to grab a breadstick instead 
of sausage should note, however, that as the 
NHANES cohort aged, protein became more 
important. In the over-65 crowd, those who 
ate lots of protein survived longer, on average, 
than those who ate less, Geriatricians, Longo 
says, have long extolled the value of protein 
in older people, and “they're right.” Longo 
and Imai speculate that elderly individuals 
‘may be less likely to absorb the protein they 
take in, so need more of it. 

The findings do fit with 
some molecular clues. 
Cutting protein intake is 
known to reduce levels of a 
growth factor called IGF-1, 
and lower IGF-I levels are 
linked to longer lifespan 
and reductions in the risk 
of cancer and diabetes. 
Limiting protein intake 
also reduces levels of a 
protein called mTOR, and 
lower mTOR extends life in 
mice. The Australians saw 
the mTOR effect in their 
animals. Longo’s team, 
testing stored samples from 
the survey participants, 
saw that higher IGF-1 
levels correlated with more dietary protein, 

“There's certainly some truth to this 
relationship” between protein consumption 
and lifespan, says Matt Kaeberlein, a 
molecular biologist at the University of 
Washington, Seattle, who studies longevity. 
“But it’s probably overly simplistic to say 
that everyone should go on a low-protein 
diet at this point.” Among the many caveats, 
for example, is that the mouse study used 
a single strain, though different strains can 
have different reactions to diets such a: 
calorie restriction. 

Kacberlein also thinks it’s unlikely that 
reduced protein alone explains the dramatic 
impact of calorie restriction on lifespan. Le 
Couteur wants to find out for sure: He and 
his colleagues are planning a study that pits 
a low-protein/high-carb diet head-to-head 
with restricted calories, to see which mice 
live the longest. 


JENNIFER COUZIN-FRANKEL 
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Major Conservation Group Guts 
Science Team in Strategy Shift 


One of the world’s largest and wealthi- 
est conservation groups, the World Wild- 
life Fund (WWF), is dramatically shrink- 
ing its core research unit as part of a broad 
reorganization. The change will break up 
the WWE's storied science team, which had 
30 staffers and a $3.5 million budget, mak- 
ing it particularly big for a conservation non- 
governmental organization. About a third 
of the Washington, D.C.—based researchers 
were laid off in late February and another 
third reassigned to other programs, WWF. 
has confirmed. 

The WWF move is “very bad news 
for scienc Thomas Brooks, who 
leads the science unit at the International 
Union for Conservation of Nature, in 
Gland, Switzerland. “I think the decision is, 
short-sighted” 

WWF's changes, however, echo earlier 
cuts in other large conservation science 
programs. The Nature Conservancy 
(TNC) spun off its informatics unit, 
NatureServe, in Arlington, Virginia, in 
2000. Its remaining science staff shrank 
to a core unit of about 20 researchers, A 
decade ago, Conservation International had 

8 some 35 scientists working at its Center 

5 for Applied Biodiversity Science, but the 
team was downsized when $35 million in 

funding from philanthropist Gordon Moore 

3 ran out in 2005. “The days of big science 

2 in NGOs are done,” says Kent Redford of 

2 Archipelago Consulting in Portland, Maine 

§ and former chief scientist of the Wildlife 

8 Conservation Society (WCS) in New York. 


Tight money and changing priorities are 
driving the trend, say other observers. 

The U.S. chapter of WWF stresses that 
the shift isn’t a response to financial woes; 
its revenues are up by 28% since 2008, to 
$229 million. Instead, WWF-US 
it expects the restructuring to make it 
more agile at responding to conservation 
challenges. Jon Hoekstra, chief scientist 
and vice president at WWE-US, says the 
change will also encourage chapters in 
other countries to further build up their own 
science capacity. “I think it will dramatically 
expand the questions we can take on.” 

Founded in 1961, WWF works in 
about 100 countries, employs some 6000 
people, and has a global budget of $900 
million, The U.S. chapter is the largest and. 
has been an icon of conservation science. 
In addition to dozens of staff’ members 
with science degrees who work in field 
programs, a research unit in Washington, 
D.C., has operated since the mid-1980s. 
Over the years, it developed a classification 
of ecoregions, which is now widely used to 
set priorities for conservation, Researchers 
at WWE-US headquarters were also among, 
the first to create detailed watershed models 
for planning and have advanced the science 
of freshwater biodiversity conservation. 

In recent months, however, WWE-US 
decided to accelerate and scale up con- 
servation efforts, especially in the southern 
hemisphere and Asia. The reorganization 
creates teams to work on six main goals: 
protecting sp forests, fresh water, 
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Global impact. Staff at Kayan Mentarang National 
Parkin Borneo (eft and others use databases and 
mapping tools created by WWF scientists in 
Washington, D.C 


and fisheries; sustainably doubling food 
availability; and fighting climate change. 
Twelve of the central unit's scientists have 
been assigned to these teams. In addition, 
Hoekstra’s position as chief scientist will be 
elevated to senior management. “Science is, 
being put atthe table for significant decisions 
at all levels of the organization,” he says. 

But another 10 scientists were shown 
the door by the end of February, victims 
of budget-cutting to pay for conservation. 
John Robinson, the current chief scientist 
at WCS, says that i's extremely difficult 
to fund a central team of scientists without 
major foundation help. “Eventually rational 
economies says, ‘We can’t afford this,’ ” 
he adds, 

Hoekstra says he tried to preserve 
breadth of expertise across the staff. “We've 
made some changes that are really hard,” 
he says. The eight remaining scientists will 
staff a smaller central unit for monitoring, 
and evaluation of program goals, supporting, 
project to measure the economic value 
of ecological processes, a symposium 
series, and other tasks. Cost savings will 
go to a $5-million-a-year innovation fund 
for trying out new ideas in conservation 
and research and to support other WWF 
chapters, including in Mexico and China, 

Some of the slack will be taken up by 
WWF's new institute in Gland, which 
Jaunched last year with a $20 million grant 
from ornithologist and philanthropist Hans 
Lukas “Lue” Hoffmann, a co-founder 
of WWE Director Josh Tewksbury says 
the idea is to bring in groups of outside 
scientists for short-term work on research 
issues relevant to the entire WWF network. 
This model provides more flexibility than 
having staff scientists, he suggests. In a 
similar project, TNC joined with WCS 
last year to create Science for Nature and 
People, based at an ecological think tank in 
Santa Barbara, California, 

But some experts worry that by 
downsizing its central science unit, 
WWE-US may miss emerging issues and 
not have the critical mass to innovate new 
approaches and insights for conservation. 
“The role of science is to question, to speak 
truth to power,” says Peter Kareiva, chief 
scientist of TNC. “When centralized, you 
have more authority to do that. You don’t 
want to be too agenda-driven.” 

ERIK STOKSTAD 
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Chemical Atlas Shows Where Seas Are 
Tainted—And Where They Can Bloom 


HONOLULU—About 1000 meters down in a 
remote expanse of the Atlantic Ocean sits an 
unusual legacy of humanity’s love affair with 
the automobile. It’s a huge mass of seawa- 
ter infused with minute traces of lead, once 
widely emitted by cars burning gasoline 
laced with the toxic metal. Decades ago, the 
United States and Europe banned leaded gas 
and many other uses of lead, 
but the pollutant’ fingerprint 
lingers on—as shown by a 
remarkably detailed atlas of 
digital maps unveiled here 
last week at the 2014 Ocean 
Sciences Meeting. 

‘The atlas, which includes 
3D maps and rotating 
animations, is the first product 
of GEOTRACES (geotraces. 
org), a $300 million 
international collaboration 
to document the presence of 
key trace metals and other 
substances in the world’s 
oceans. Researchers from 
dozens of nations gathered 
the initial release of data on 
about 30 cruises since 2010, 
collecting nearly 30,000 
water samples at 787 study 
sites. Then, using painstaking 
techniques, which involved wearing “moon 
suits” and working in ultraclean laboratories 
to prevent contamination, they measured 
often minute quantities of more than 200 
substances, both humanmade and natural. 

The roster includes important 
“micronutrients” such as iron, which can 
fuel plankton blooms and influence how 
the ocean responds to climate change, and 
isotopes of carbon and thorium, which help 
scientists track the movements of seawater 
and the amount of dust that falls into the 
‘ocean, The breadth and accuracy of the data 
makes GEOTRACES “a huge improvement 
over what we were able to do in the past,” 
says ocean chemist Hein de Baar of the Royal 
Netherlands Institute for Sea Research in 
‘Texel, a GEOTRACES participant. 

Oceanographers began organizing 
GEOTRACES more than a decade ago. 
Existing studies were plagued by limited 
sampling and contamination of seawater 
‘samples from sources such as metal ship hulls, 
and instrument cables. To overcome such 


problems, GEOTRACES recruited dozens of 
teams to take samples from numerous depths 


and developed strict sampling and analytical 
methods. “Everything has to be precise and 
squeaky clean,” says chemical oceanographer 
Christian Schlosser of the University of 
Southampton in the United Kingdom. 

The resulting maps are letting researchers 


Tainted, Red and yellow areas highlight areas in the Atlantic Ocean that have relatively 
high traces of lead fram decades of pollution. 


‘see things that we couldn't see before,” says 
chemical oceanographer Abigail Noble of the 
Massachusetts Institute of Technology (MIT) 
in Cambridge. 

The lead images, for example, tell a 
sobering story of past pollution—and 
continuing contamination, That mass of lead- 
tainted seawater deep in the central Atlantic 
started at the surface decades ago, where it 
collected airborne lead particles, Noble says. 
‘As the surface water slowly sank into the deep 
ocean, it became a time capsule recording 
“the incredible impact that we have had on 
the oceans in the past, and how it changes 
overtime” 

Although the elevated lead levels stand 
out as red blotches on the GEOTRACES, 
‘maps, the concentrations pose litle threat to 
humans or wildlife—at roughly 12 parts per 
trillion, they are far lower than the 15 parts 
per billion that the U.S. government considers 
to be of concern in drinking water. “You 
probably aren’t going to see stupid fish or 
‘whales swimming around,” says MIT ocean 


scientist Edward Boyle, alluding to the brain 
damage that can be caused by lead exposure, 
‘And lead levels in much of the Atlantic 
have dropped dramatically over the past few 
decades, mostly thanks to the lead phaseout 
in the United States and Europe. 

Still, the maps show that lead 
contamination continues in some parts of 
the world. Off the southern tip of Africa, 
surface waters with relatively high traces 
of lead are flowing into the Atlantic from 
the Indian Ocean. That's probably due to 
the continuing use of leaded gasoline in 
parts of Africa and Asia. Another hot spot 
is where the Mediterranean 
Sea empties into the 
eastern Atlantic. The lead 
concentrations there 
some of the highest we saw 
anywhere” in the Atlantic, 
says chemical oceanographer 
Rob Middag of the University 
of Otago, Dunedin, in New 
Zealand, That may be because 

the Mediterranean is 

a relatively enclosed 

body of water with 

heavily settled shores 

and has collected pol- 

lution for centuries, 
Other maps highlight the 
distribution of micronutrients, 
such as zine and cadmium, 
which can fertilize plant 
growth and will help deter~ 
mine how much planet- 
warming carbon dioxide the 
sea can soak up. And a few clearly reveal 
features such as the plumes of trace metals 
pumped into the deep sea by hydrothermal 
vents, or how dust blowing off Africa’s 
deserts amplify surface levels of iron in 
nearby seas 

‘This detailed picture of ocean chemistry 
also raises new questions. Charts of isotopic 
data, for instance, suggest that researchers 
are underestimating the amount of dust 
that falls into certain parts of the ocean, 
potentially undermining computer models, 
that use isotope data to help reconstruct 
ocean circulation patterns in the past. 
GEOTRACES is forcing researchers to find 
“lots of ways to politely say the old data was 
wrong,” De Baar says. “Many old papers 
are now going to be primarily of historic 
interest.” And this is just the beginning. As 
new cruises are completed in the coming 
years, particularly across the Pacific and 
Southern oceans, the GEOTRACES data 
trove will continue to grow. 
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Europe's Copernicus Offers a Daily Dose of Earth Data 


On 8 April 2012, thousands of environmen- 
tal and climate researchers around the world 
found their supply of data suddenly and 
unexpectedly cut off. Envisat, Europe's bus- 
sized Earth observation satellite, had fallen 
silent, and despite furiousefforts by the Euro- 
pean Space Agency (ESA) to reestablish 
contact, the spacecraft remained quiet. Data 
sets 20 years long, provided by Envisat and 
its predecessors, were cut short, interrupting 
a wide range of activities, from monitoring, 
pollution at sea to gathering evidence for cli- 
mate change. “It was a big loss,” says Chris, 
Steenmans, head of monitoring, data, and 
innovation at the European Environment 
ency (EEA). “We had to rely on input 
from other spacecraft, but time series 
were broken.” 
Early next month, the first satellite in 
a fleet designed to continue the legacy of 
Envisat will lift off from Europe's spaceport 
in Kourou, French Guiana, The new program, 
called Copernicus (formerly GMES, Global 
Monitoring for Environment and Security), 
will avoid betting everything on a single 
spacecraft, Instead, Copernicus will spread 
instruments over a half-dozen craft that 
will be launched over the next 7 years. Each 
of these so-called Sentinels will be followed 
within a couple of years by an identical copy. 
These B-units will increase the rate of data 
gathering and serve as backups. Later, C-units, 
will be built to replace any failed satellites 
The result will be the world’s first 
operational environmental monitoring sys- 
tem, a cousin to the operational meteorolo- 
gical services that have provided weather 
forecasts for decades, The sensors on the 
Sentinels will measure the state of the ocean 
surface and its temperature, monitor changes 
in land use, and take soundings of the 
atmosphere’s composition and temperature. 
Similar measurements have been made 
before by science satellites, but Copernicus 
‘ims to turn the process into an operational 
stvice: Each spot on Earth will be surveyed 
every few days, data will be supplied 
quickly in easy-to-use forms, and it won't be 
interrupted by the loss of a satellite, “It could 
be a game-changer.” says EEA Executive 
Director Hans Bruyninckx. John Remedios 
of the University of Leicester, who's slated to 
head the United Kingdom's National Centre 
for Earth Observation starting in October, 
agrees. “We will get a very sophisticated 
understanding of our own continent,” he says. 
Sentinel-1A, due for launch on 3 April, 


is a radar satellite that can image Earth day 
and night and can see through cloud. When 
Sentinel-1B joins it in 2016, the pair will map 
the whole Barth every 6 days, Their data will 
be used to detect and track oil spills, map sea 
ice, monitor changes in land use, and help 
emergency services respond to disasters. 
Sentinel-2A will join 1A in 2015 with sensors 


radar will scan Earth through 
cloud, day or night. 


have to adjust our planning.” The first launch 
was delayed from summer 2013. Copernicus 
also fared poorly in last year's negotiations 
over the next 7 years of the E,U. budget, 
coming away with €2 billion less than the 
€5.8 billion the European Commission 
had asked for. That will force ESA and the 
European Union to push back plans for an 
upgraded second generation of spacecraft, 


Mission Launch Purpose 
Sentinel 1A 3 Apri 2014 Radar maging frland and ocean services 
Sentinel 28 2015 ‘Multispectral maging for land monitoring 
Sentinel 3A 2015 Mult-instument mission for ocean forecasting 
and enwronment and imate monitoring 
Benne 2021 on ‘mosphere monitoring insvument 
EUMETSAT satelite 
Sentinel 2018 ‘mosphere monitoring mission; brdges gap 
launch of Sertinel-5 
Sentinel A “202 en \mozphere monioring 
EUMETSAT satelite 
Sentinel OA linen cs) «2000 


followed by other Sentinels watching oceans 
and atmosphere (see table). Some Sentinels 
are not missions in their own right but 
instruments that will be added to spacecraft 
operated by EUMETSAT, the European 
‘weather satellite service. 

A partnership between ESA and the 
European Union, Copernicus has spent 
€2.7 billion developing and building the 
A- and B-units of all six Sentinels. But it 
has suffered from delays both in satellite 
construction and in the ground infrastructure 
that will convert raw data into products for 
users in government, industry, and research. 
As a result, Steenmans says, “we constantly 


‘Altemety mission 


to follow the C-units sometime next decade. 

In the meantime, Copernicus is expected 
to make a big difference to a wide range 
of users—including climate scientists, 
maritime safety agencies, border guards, 
and urban planners—because it emphasizes 
providing data that are usable, regular, and 
reliable, “It feeds into our core work, but 
we're also making an effort to make data 
available in user-friendly ways for other 
communities,” Bruyninckx says. Remedios 
sounds a similar note: “It's a step forward in 
the way we use science and the way we help 
society to use science.” 
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Structural Biolo 
SS 


ield? 


THREE YEARS AGO, ANDRZE) JOACHIMIAK 
decided to take on the superbugs. Infections 
from these antibiotic-resistant microbes are 
‘onan alarming rise globally, accounting for 
2 million cases and 23,000 deaths a year in 
the United States alone. Among the most 
dangerous bugs are new strains with a protein 
known as NDM-1 that chops up a wide vari- 
ety of previously effective antibiotics known 
as B-lactams, drugs that include penicillin, 
Thanks to a long-running effort called the 
Protein Structure Initiative (PSI), Joachimiak 


had the tools to work out NDM-1's structure 
and pinpoint its weaknesses. Joachimiak, a 
structural biologist at Argonne National Lab- 
oratory in Illinois, and his colleagues used 
robots to synthesize 98 NDM-I genes, each 
with subtle sequence variations. They suc- 
ering bacteria to express 59 of 
renes and produce their corresponding 
proteinsat a high concentration. The research- 
ers purified 53 of the proteins and coaxed 
21 into forming crystals, many in combination 
with different druglike inhibitors and poten- 
tial antibiotics. Then they shipped the best 
samples to the Advanced Photon Source, a 


stadium-sized synchrotron that fires a power- 
ful beam of x-rays, bouncing them off crystal- 
line solids to map their 3D atomic structures 
Joachimiak and his colleagues worked out 
11 such atomic maps; others are still in prog- 


PSI's History 
In Numbers 


Ups and downs. 
The PSI cranked out 
protein structures 
and technologies. 


But rising casts 
squeezed competitive 
research grants 
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ress, So far, the 
‘maps have shown 
that NDM-1_ has 
an enlarged, flex- 
ible active site that allows it to 
fit, and ultimately break down, 
a wide variety of B-lactam anti- 
biotics. Now, drug companies 
around the globe are free to use the 
results to design novel antibiotics that, some- 
day, may save millions of lives. It was the PSI 
at its best, Joachimiak says, 
ince 2000, the U.S, National Institute 
‘of General Medical Sciences (NIGMS) has 
spent $907 million on the PSI, hoping to 
rev up the pace at which 3D protein strue- 
tures like NDM-1 are solved; other institutes, 
of the National Institutes of Health (NIH) 
chipped in another $23 million, That money 
funded large teams of biologists, physicists, 
chemists, and engineers to collaborate on not 
only determining protein structures, but also 
reinventing the way that this science is done. 
So far, PSI investigators have worked out 
the structures for 6507 proteins, 6,6% of all 
the structures with 3D data deposited in the 
international repository known as the Protein 
Data Bank (PDB), 

But last fall, an NIGMS advisory council 
bowed to long-standing criticism of the PSI 
and pulled the plug on it, allowing its eur- 
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Anti-antibiatic. 
The NDM-1 protein 
structure should help 
ddrugmakers fight this 
antibiotic Killer. 


rent round of funding to 
expire in June 2015, “In the current budget 
environment, in order to start a new program 
or bolster support for existing priorities such 
as investigator-initiated research, other pro- 
‘grams must be adjusted or ended.” NIGMS's 
new director, Jon Lorsch, wrote in a blog 
post in September 2013, 

The announcement left longtime support- 
ers of the PSI reeling and critics gleeful, But 
most ofall, it has raised a string of questions: 
What was learned from the near $1 billion 
science experiment? What will happen 
to this team-oriented approach to biology? 
What will become of the high-speed facili- 


ties that were created? And what does the 
PSI’s demise mean for the future of struc- 
tural biology in the United States? “Strue- 
tural biology really is at a crossroads,” says 
Raymond Stevens, a structural biologist at 
the Scripps Research Institute in San Diego, 
California, and the leader of a PSI center 
devoted to solving structures of cell mem- 
brane proteins, “The PSI is dead. I view it as 
an opportunity to think about what's next. 


The hunt is on 
Before the PSI, structural biology was pain- 
fully slow. Typically, individual labs worked 
for months or years to clone a gene for a par- 
ticular protein into bacteria or yeast cells 
and purify it. Then they often tried adding 
countless combinations of salts, buffers, and 
other additives to their protein-laced solu- 
tions to coax the proteins to arrange them- 
selves into tiny crystals. The good ones could 
then be blasted with x-rays whether 
they would diffract in a tight pattern. After 
that, researchers often spent additional 
months or years mapping out the atoms. By 
the late 1990s, the PDB contained structures 
of only about 10,000 proteins. Meanwhile, 
the Human Genome Project was about to 
inundate researchers with genes for all the 
million-plus proteins in the human body 
Determining their 3D structures would be a 
key step in sorting out their functions—and 
biologists realized that they would have to 
pick up the pace or fall hopelessly far behind. 
Enter the PSI. In 2000, NIGMS officials 
laid out the program’s goals, First, develop the 
technology needed to solve 5000 structures 
in 10 years. Then learn how to bypass crys- 
tallography altogether by using the solved 
structures to develop computer models that 
could take the gene sequence of an unknown 
protein and compute its likely 3D shape, 
giving insights into its function 

From September 2000 through June 
2005, NIGMS spent $265 million on a pilot 


to 8 


program, automating each phase of protein 
structure determination, including express- 
ing proteins, purifying them, crystallizing 
them, collecting diffraction data at synchro- 
trons, and using software to solve their 
structures. More than 1100 structures later, 
NIGMS officials decided that the effort had 
succeeded well enough to push for a sec- 
‘ond “production” phase, PSI-2. From July 
2005 through June 2010, 
NIGMS spent $346 mil- 
lion on four large-scale 
throughput centers, 
six specialized centers 
focused on develop- 
ing methods for solving 
more challenging struc- 
tures, and a pair of computer modeli 
ters. All told, the effort generated another 
3700 structures. Most were unique, mean- 
ing that they shared less than 30% of their 
genetic sequence with any other protein and 
folded in ways no other protein did, 

But the PSI also churned out controversy 
The bulk of the newly discovered proteins 
came from bacteria, and researchers knew 


\ 


ven 


little about their function, PSI researchers 
argued that the bacterial proteins were teach- 
ing them basic rules of protein folding, But 
biologists outside the PSI wondered why so 
much effort was being spent pursuing pro- 
teins unlikely to improve human health. 
In 2007, a midterm review of the PSI-2’s 
progress, led by University of Michigan, 
Ann Arbor, structural biologist Janet Smith, 
concluded that “the large PSI structure: 
determination centers are not cost-effective 
in terms of benefit to biomedical research.” 


The reviewers recommended that the PSI be 
revamped to target proteins of high interest 
to biologists, 

NIGMS obliged and funded a third phase 
of the program, dubbed PSI:Biology. 
was the talk of seeking out unique ways in 
Which proteins fold and obtaining structures 
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of representatives of each protein “family.” 
Instead, the four high-throughput centers 
and an additional nine centers refocused 
their efforts on solving biologically impor- 
tant structures. 

Still, criticisms persisted, In a midterm 
evaluation of the PSI's third phase produced 
last year, yet another outside panel of biolo- 
ists faulted the high-throughput centers. 
\, “[MJany of the proj- 
ects being developed are 
technology driven, cho- 
sen because they can 
capitalize on the existing 
high-throughput struc- 
ture pipelines, rather than 
being driven by biologi- 
cal interest or impact,” the report stated. The 
panel recommended continuing PSI:Biology 
for another 3- or 5-year term beyond 2015 
But it also advised NIGMS to begin thinkin, 
about how best to end the program and mov 
structural biology away from a dedicated 
source of set-aside funding. 


Disputed legacy 
Lorsch and an NIGMS advisory panel 
jumped at the recommendation. They 
decided to forgo another phase and prepare 
right away for the transition, creating pan- 
Is to work out what to do with the current 
PSI centers and all the equipment and tech- 
nologies they have produced, and how best to 
fund structural biology going forward 
Opinions about NIGMS's decision are 
mixed. “The PSI was a bad idea from the 
start,” says Stephen Harrison, a structural 
biologist at Harvard University and a long- 
time critic of the PSI. The initiative did 
speed technology development, he says, but 
much of that progress probably would have 
taken place anyway. Now that the program 
is being terminated, Harrison says, “struc- 
tural biology can now go on where it should 
have gone all along”: awarding grants to 


projects deemed most valuable by conven- 
tional peer review. 

Joachimiak says such eritivisms are too 
facile. According to one estimate, the cost 
of producing the structure for one of the eas 
ier “soluble” bacterial proteins has plunged 
about 56% since 2003 to about $50,000 per 
structure. A good chunk of the high-speed 
robotics and software that PSI labs devel- 
oped for protein expression, purification, 
crystal growth, and x-ray structure determi 
nation are now in standard use by structural 
biology labs around the world. Accord- 
ing to Helen Berman, an x-ray crystallog- 
rapher at Rutgers University in Piscataway, 
New Jersey, who runs both the PDB and a 
PSI archive known as the Structural Biology 
Knowledgebase (SBKB), the PSI has pro- 
duced 421 different technologies that have 
been either commercialized or disseminated 
through the SBKB online, 


Beyond technology, Joachimiak and 
others argue that the PSI has made funda- 
mental contributions to protein science. For 
example, Ian Wilson, a structural biologist 
at Scripps, and his colleagues have used the 
suite of tools at their high-throughput cen- 
ter to determine the structures of a large 
number of HIV and influenza viral pro- 
teins. Their goal is to identify common fea 
tures in the proteins from each virus, which 
could provide targets for novel vaccines that 
would stop a wide variety of viral strains 
at once, rather than the one or two strains 
hit by current vaccines. And David Baker, 
‘4 computational biologist at the Univer- 
sity of Washington, Seattle, has used doz- 
ens of structures of stripped-down “ideal” 


proteins solved by the Northeast Structural 
Genomics Consortium—a PSI effort—to 
sort out rules for designing novel proteins 
never made by natural organisms. Baker 
and colleagues are now using those rules to 
design synthetic proteins to serve as gene 
therapy agents, catalysts for converting 
carbon dioxide into fuel, and a host of 
other applications 

But Michigan's Smith says projects such 
as Wilson's HIV work and Baker's protein 
design would have thrived anyway in a com- 
petitive funding environment of individual 
investigator awards, known as ROL grants. 
Meanwhile, she says, “there are a lot of prob- 
Jem-based structural biology projects of very 
high merit that are not getting funded right 
now, because there is not enough money.” If 
NIGMS redirects some of the money now 
spent on the PSI into investigator-initiated 
‘grants, “this will be positive,” she says, 


Built for speed. The PSI 
revolutionized a host of 

technologies, including 

robotic systems like this 
tne for generating protein 
crystals en masse 


Crities also fault the PSI for failing to 
identify enough rules of protein folding so 
that structures can be computed from their 
sequence, rather than laboriously solved. 
here is no doubt that if you have a close 
[gene] sequence homology then you ean do 
a lot of successful modeling,” says Michael 
Levitt, a computational biologist at Stanford 
University in California, However, he adds, 
“protein folding has not yet been solved gen- 
erally.” PSI investigators concede the point. 
“Our computational methods still aren't 
strong enough yet,” Stevens says. Levitt 
adds that even though PSI investigators have 
produced thousands of protein structures, 
the number of gene sequences encoding 
unknown proteins has grown much faster, 


NEWSFOCUS \e 


to more than 30 million, As a result, Levitt 
says, “it would take a very long time and an 
‘enormous amount of money” to solve struc~ 
tures of representatives of a large percentage 
of protein families, 

Such brute-force efforts are now off 
the table, and the current PSI centers will 
be dismantled over the coming years. “The 
‘question is, how can we make this transition 
as orderly as possible with minimal collat- 
eral damage?” says Smith, who serves on 
the panel of outside experts advising the 
PSI on how its assets should be distributed. 
‘One option is for NIGMS to continue to 
fund high-throughput protein expression, 
production, and crystallization facilities as 
centralized resources for the whole struc~ 
tural biology community to use. Another 
is to distribute some of these facilities and 
technologies among current structural biol- 
ogy labs, These high “shouldn't 
just go away,” Smith says, NIGMS hopes to 
decide between May and December of this, 
‘year, after the panels are expected to submit 
their recommendations, 

PSI investigators say dismantling their 
centers could imperil U.S. leadership in struc 
tural biology. “A lot of jobs will be ending,” 
Stevens says, “We'll see a very significant 
drop-off in the number of protein structures 
coming from the U.S.” Meanwhile, other 
countries, notably China, are ramping up their 
own efforts in high-speed structural biology. 
“I'm worried,” Joachimiak says. “We've 
made incredible progress. Now we're looking, 
‘at just shutting it down.” Wilson agrees. “We 
need a balance” between RO1-type work and 
larger scale projects, he says. 

But Douglas Sheeley, a program offi- 
cet at NIGMS who is overseeing the work 
of the two PSI transition panels, says the 
PSI’s termination does not mean the agency 
is ending its support for structural biology 
‘or the collaborative team-based science that 
the PSI promoted. In 2012, NIGMS spent 
$164 million to support structural biology, 
roughly 70% of the NIH total. 

That total will almost certainly go down, 
because it includes $75 million for the PSI 
But Harrison insists that the U.S. structural 
biology community will thrive without the 
dedicated funds. NIGMS officials are con- 
sidering using the PSI’s budget to fund an 
increasing percentage of RO1-type grants. 
Even if that money no longer supports 
structural biology, “I think that’s okay,” 
Harrison says. It will force all structural 
biology projects to justify their merit against 
all other research. “We should compete on 
‘an even playing field.” 
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Small Telescopes, Big Rewards 


THE CLOSING OF LICK OBSERVATORY (“LICK 
Observatory in trouble as austerity starts to 
bite,” ¥. Bhattacharjee, News & Analysis, 13 
December 2013, p. 1299) and all the major 
national optical telescopes on Kitt Peak National 
Observatory (“Money woes cloud future of 
workhorse U.S. telescopes,” Y. Bhattacharjee, 
News & Analysis, 20 December 2013, p. 1425) 
should hardly come as a surprise to astrono- 
mers. For many years, we have argued to fund- 
ing agencies, often through prestigious decadal 
surveys [e.g., (J)], that to do the most important 
astronomy, only the largest and most expensive 
telescopes would suffice, Now that the funding 
agencies believe us, we are facing the co 
quences. The endgame of advocating increas- 
ingly expensive instruments has already been 
demonstrated by particle physicists with the 
cancellation of the Superconducting Super 
Collider in 1993, 

Many of the greatest discoveries in astron- 
omy (2) in the 20th century were made with small telescopes of their time. Optical pulsat 
(3), radio pulsars (4), and exoplanets (5, 6) were all first observed with small telescopes. 
Some discoveries made with large telescopes could have been made with small telescopes 
[such as quasistellar objects (7)], and others were made by both large and small telescopes 
such as Sco X-1 (8, 9)]. The initial evidence for dark matter came from an 18-inch tele~ 
scope (/0). With the advent of affordable, back-illuminated charge-coupled devices, a 1-m 
telescope can explore an order of magnitude more of the universe than could the Palomar 
200-inch telescope (now considered a candidate for small-telescope funding) in the photo- 
graphic era. 

‘Astronomers are getting what they asked for: A very limited number of telescopes so large 
and expensive that the Workhorses of astronomy, the smaller telescopes that ean afford to do 
the riskier and potentially more rewarding science, have been sacrificed. Lick Observatory, 
one of the most prestigious in the world, and all the important optical telescopes at Kitt 
Peak National Observatory are not the first. The smaller telescopes at Kitt Peak National 
Observatory and Lick had already been shuttered. More ominous, along with the hardware, 
the astronomers and students at the many smaller institutions are being sacrificed as well. 

WILLIAM BRUCE WEAVER 
‘Monterey Institute for Reseach in Astronomy, Marin, CA93955, USA. Email: bu@mira.org 
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A Safety Net for Diabetics 


D. CLERY'S NEWS FOCUS STORY A PANCREAS in 
box” (10 January, p. 133), which discusses 
progress toward an artificial pancreas, out- 
lines the fervent wishes of all but articulates 

a view of the future that potentially over- 
looks the “good” ina quest for the “perfect.” 
Industry is still perfecting sensors that have 
adequate sensitivity to safely drive an insu- 
lin pump unattended by human oversight, 
Contrary to Clery’s assertion that continu 
‘ous glucose monitor (CGM) sensors replace 
fingerstick readings, today’s CGM sensors 
are considered to be “adjunctive devices.” 
FDA labeling of such devices typically 
reads: “[product ...] does not replace the 
information obtained from a standard home 
blood glucose meter but rather, itis used to 
complement the information obtained from 
the blood glucose meter” (J). A particular 
challenge for CGM is that the sensor mea- 
sures interstitial plucose, a parameter which 
may lag arterial glucose, particularly in 
times of flux, CGMs do display eritical— 
potentially lifesaving—directional trends in = 
glucose and may alert patients of impending © 
hypo- and hyperglycemic events, but are not 
yet approved by the FDA for the purpose o| 
insulin dosing by the patient, much less by 3 
an automated algorithm, 

Hypoglycemia remains a major cause of 
‘morbidity and mortality in patients with type 
1 diabetes (2), The literature documents that 
physical exertion may be a significant factor 3 
in the development of dangerous episodes of 5 
hypoglycemia (3). Prevention of exercise- & 
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Technology in progress. The artificial pancreas has 
vet to be perfected, 


induced hypoglycemia in a closed-loop sys- 
tem may require additional sensors that asse 
physical activity and algorithms that reduce 
or suspend insulin delivery during periods of 
high exertion, 

‘As we strive for the perfect closed-loop 
pancreas system, we should not forgo the 
near-term opportunity to develop remotely 
monitored, patient-controlled systems with 
real-time connectivity to a central monitor- 
ing station. Such systems would over time 
include the use of automated algorithms, but 
in the near term can alert qualified health 
care personnel of medically actionable con- 
ditions. Monitoring station personnel could 
relay over-the-air modifications to the insu- 
Jin pump, disable the pump if needed, and in 
aan emergency, geolocate the patient and dis- 
patch emergency assistance. Compared to 
going to sleep or exercising with an unmoni- 
tored pump, this provides the potential for 
increased safety. This level of telemetry and 
assistance is becoming commonplace in 
modern automobiles through telemetry sys- 
tems such as OnStar® and in increasingly 
intelligent home-monitoring systems for bur- 
glary, fire, flood, and other hazards. Since 
type | diabetics are well known to suffer mul- 
tiple hypoglycemic events per year, at an esti- 
mated average cast of $3200 per person-year 
for attendant hospitalization (4), there is a 
plausible economic as well as medical argu- 
ment for such monitoring, All that is required 
isthe incorporation of a cellular radio into the 
controller of every insulin pump. Whereas 
the closed-loop artificial pancreas will raise 
patient safety concerns that will take time to 
overcome, few could argue that an insulin 
pump wearer would not be safer today with 
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the addition of remote telemetry and an added 
safety net, Why not give Americans with dia 
betes the same level of additional safety that 
‘we accord their automobiles and homes? 
JONATHAN C. JAVITT 
Johns Hopkins University, Bethesda, MO 20814, USA. 
smal: javtt@telearecom 
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Supporting Mavericks 


P. A. SHARP AND A. |, LESHNER ("MEETING 
global challenges,” Editorial, 7 February, 
p. 579) correctly draw attention to the need 
for scientists and engineers to engage more 
meaningfully with business, cultural, and 
political leaders if we are to meet our most 


urgent global challenges. They also stress the 
importance of research and teaching insti- 
tutions providing appropriate training and 
incentives to encourage these behaviors 

But there is another dimension. A study of 
36 individuals who have successfully tackled 
many of the world’s most pressing economic, 
social, and environmental challenges (/) 
shows that most of them don’t wait to reach 
consensus, They push on, regardless. 

Consider the persistence of Nobel 
Laureate Barry Marshall, who overturned 
conventional wisdom on the genesis of gas- 
tric ulcers despite the entrenched opposition 
of grant agencies and the medical establish- 
ment; the self-belief that enabled environ- 
mental solutions pioneer Olivia Lum, aban- 
doned as an infant and brought up in a palm 
hut without running water, to build a water 
purification industry that now spans the 
planet; and the commitment that enabled 
US. gynecologist Mitch Besser to reduce 
mother-to-child transmission of HIV AIDS 
in South Africa from 40% to 4% over the 
space of 10 years. 

Certainly, we need to encourage collab- 
oration in the ways identified by Sharp and 
Leshner. But we also need to find ways to 
support those with the courage to go it alone, 
regardless of the odds, 
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CORRECTIONS AND CLARIFICATIONS. 


News Focus: “Eavesdropping on ecosystems" by K Servck (21 February, p. 834). On p. 836, Amandine Gass name was 
misspelled inthe photo credit. In a caption onthe same page, French Guiana was misidentified as Guinea, The HTML and 
POF versions online have been corrected, 


News of the Week: "Young editors ask neuroscientists: "Why should | care? by , Underwood (24 January, p. 385). The 
atc stated that the Nature Publishing Group has launched an online research journal geared tonard young adults called 
‘Frontier for Young Minds. tn tac, the open access publisher Frontiers, part af Nature Publishing Group, launched the out 
nal The HTML and PDF versions anline have been corrected 


News & Analysis: “industry lobbying derail rating ban in Europe” by T.Rabesandratana (1 Novernber 2013, . 544) 
The article incorrectly stated thatthe European Pariament plenary cannot reinstate the full bn on deep-sea trawling and 
bottom-set gllnetting proposed by the European Commission. The plenary could reconsider a full ban after the fisheries 
Commitee rejected it.The HTML and POF versions online have been corrected, 


Reports: “Stress in puberty unmasks latent neuropathological consequences of prenatal immune activation in mice” by 
5. Giovanal eta. (1 March 2023, p. 1095). Joram Feldon, ofthe Laboratory of Neurobiology, ETH Zurich, 8092 Zari, 
Switzerland, should be added tothe authors belore Manfred Schedlowsk.Affillations should be renumbered accowingly 
|-Feldon shouldbe removed from the acknowledgments, The HTML and POF versions online have been corrected, 
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ENVIRONMENT 


Culturing the Forest 


Tobias Plieninger 
D= the globe has been domi- 
nated by two powerful conventional 
narratives: The first holds that tropical and 
subtropical forests are in a 
general decline, undergoing 
both degradation and defore 
tation. The second sees mos 
forests as having been wil- 
derness, devoid of humans, 
before European colonization. 
All kinds of human impact on 
these “pristine” forests will 
necessarily lead to their lo 
with consequences on biod 
y climate, and other life- 
supporting systems, This leads to an unavoid- 
able trade-off between the use of forests for 
the needs of local people and the protection of 
forests for the greater good. Taken together, 
these narratives blend into a Malthusian 
worldview of humans degrading forest eco- 
systems. This mindset has been particularly 
powerful among scholars in the natural sci- 
ences [e.g.,(/)]} 

Advances in several disciplines have 
fundamentally challenged many of these 
assumptions and drawn a more compre- 
hensive picture of forest trajectories and 
the nexus between forests and people. For 
example, remote-sensing studies provide 
evidence of substantial resurgence of for- 
ests and woodlands in countries as different 
as El Salvador, Chile, China, and Vietnam. 
(2). In contrast to classical assumptions of 
a “forest transition” (a shift from deforesta- 
tion to net gains in forest area 
often associated with economic 
development), recent forest 
and woodland expansion is not 
necessarily coupled to popula- 
tion declines but has also been 
recorded in densely populated 
areas (3). Long-term historical 
studies of ecosystems demon- 
strate that many remote and pre- 
sumably “untouched” forests 
were actually heavily domes- 
ticated and intensely used and 


iscourse about the state of forest 
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managed landscapes, for example, in the 
‘Amazon Basin during the pre-1492 era (4). 
Ecological theory suggests that conserva- 
tionists may focus too much on setting up w: 
demess areas while neglect- 
ing the need to construct a 
high-quality matrix of pro- 
duction landscapes used for 
agriculture and forestry (5). 
According to recent think- 
ing in the land-use seienc 
sustainable intensification 
of forestry and agriculture 
strongly depends on the int 
gration of commodity pro- 
duction, biodiversity, and 
rural livelihoods at landscape scales (6) 

By assembling perspectives of leading 
scholars from the environmental sciences, 
geography, anthropology, political scienc 
history and other disciplines, The Social 
Lives of Forests builds a multifaceted view 
of forests as social-ecological systems. 
Editors Susanna B, Hecht (University of 
California, Los Angeles), Kathleen D. 
Morrison (University of Chicago), and 
Christine Padoch (Center for International 
Forestry Research, Indonesia) are well 
known for advocating interdisciplinary 
approaches to natural resources manage- 
ment. They have organized the volume’s 
28 chapters into five sections that capture 
important dimensions of the human-forest 
relationship: conceptual frameworks, his- 
torical ecologies, market dynamics, institu- 
tions, and the urban matrix, 


Lives of Forests 
d Resurgence 


and Christine 


Forest harvest. In the Peruvian Amazon, the huge fruits of Brazil nut trees (Ber~ 


celsa) are called “cocos" for their resemblance to coconuts. 


The book opens with a number of striking 
cases that illustrate how frameworks, narra- 
tives, and ideologies direct our understand- 
ings of people and their roles in forests along, 
particular pathways and how they can blind 
us to other views. For example, the prevail- 
ing narrative of European forest conservation 
policies considers high levels of biodiversity 
a consequence of traditional land uses. In a 
stark contradiction, the dominating narrative 
about African nature reserves considers the 
very same type of traditional land uses detri- 
mental to biological conservation, 

In the historical ecologies section, sev- 


eral case studies deconstruct the myth of 


untouched wilderness in places such as Meso- 
america, West Africa, Borneo, and South- 
‘west India, The subsequent section on market 
dynamics reveals the social, economic, and 
ecologic complexities of forest commodi- 
ties such as teak, shea butter, tea, and rubber, 
The authors show how the commodity chains 
of such products can support (e.g., through 
niche marketing) or work against (e.g., in 


cases of timber branding) the livelihoods of 


people in forests. Another section sheds light 
On institutional politics, in particular on how 
forest tenure reforms have affected human 
communities in forest environments. The 
book finishes with a series of chapters on the 
role of forests in an age of urbanization. 
[found The Social Lives of Forests more 
reader than a comprehensive, structured 
synthesis. The case studies exhibit a range 


at the core. By stressing the linkages among, 
ecosystems, human well-being, livelihoods, 


inequality, and poverty, it follows the lines of 
recent initiatives such as the ICSU/UNESCO, 
Programme on Ecosystem Change and Soci- 
ety. Although the editors do not provide a con- 
cluding overview or summary chapter and 
the diversity of perspectives may 
seem overwhelming, the volume 
offers at least three important 
messages: Human-forest rela- 
tionships are far more complex 
than simplified views of people 
as agents of forest degradation 
suggest, Mediated by prevail- 
ing institutions, polities, land- 
use practices, and local environ- 
ments, human impact can foster 
multiple forest values. Inhabited 
“secondary forest” can support 
biodiversity and ecosystem ser- 
vices of magnitudes comparable 
to those of the often idealized 
“primordial” forest. In addition, 
we need to expand our under- 
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standing of forest to include urban parks, farm, 
trees, wooded pastures, hedgerows, and other 
anthropogenic woodlands. These alternatives, 
exhibit disparate trajectories of change and 
provide contributions to human well-being 
different from those of closed forests, Third, 
all types of forests—even old-growth— 
embody legacies of human land use, which 
need to be acknowledged to better understand, 
forest dynamics and to guide forest conserva- 


tion efforts. The Social Lives of Forests offers 
sophisticated, positive perspectives on forests 
around the world. The authors’ stimulating 
ideas address important questions of forest 
dynamics and management. They also apply 
to the creation of working landscapes that 
offer space for people and nature everywhere. 
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NATURAL DISASTERS. 


More Common Than We Think 


Donald Turcotte 


large fraction of Earth's population 
A= be adversely affected by earth- 
quakes, voleanic eruptions, tsuna- 
tornadoes, hurricanes, and floods. Many 
people fear the consequences of natural disas- 
ters, but few have even the most primitive 
appreciation of the risks. A student taking one 
of our natural hazards courses this year came 
up to the professor after a lecture and said, 
‘We live on the Hayward fault; I didn’t know 
wwe are at risk.” 

Almost every university offers a variety 
of courses on natural hazards, and professors 
have a wide selection of excellent textbooks 
from which to choose, However, their con- 
tents and costs make these accounts inappro- 
priate for the general public. In The Dynamics 
of Disaster, Susan Kieffer addresses this void. 
Kieffer (a geophysicist retired from the Uni- 
versity of Ilinois) offers a fast-moving, inter- 
esting bedtime read. She imparts a range of 
knowledge of the risks of natural hazards in a 
relatively painless way that educates but also 
entertains, | found her inclusion of personal 
experiences (e.g., with earthquakes in Califor- 
nia, tornadoes in Illinois, and 
floods in Australia) particu- 
larly appealing. 

In the introductory chap- 
ters, Kieffer sketches a frame- 
work for understanding those 
disasters “caused by the ongo- 
ing geological processes on 
‘our planet.” She notes that these events “result 
from changes of state in a system through 
modifications of its materials, energy, or 
both.” After providing a short overview of 
the dynamics of disasters, she embarks on a 
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The Dynamics of Dis: 
by Susan W. Kieffer 


global field trip that samples their 
diversity. 

For example, the chapter “When 
Terra Isn't Firma” comprises a 
series of short discussions on vari- 
ous aspects of earthquakes. Kief- 
fer summarizes the consequences 
of a few major earthquakes, such as 
Sumatra (2004) and Japan (2011). 
She relates the vastly different death 
tolls in the magnitude-seven Haiti 
(2011) and New Zealand (2011) 
quakes to building standards. The 
chapter puts particular emphasis on 
the risks of liquefaction, and it also 
describes the poorly understood phenomenon 
of “earthquake lights.” 

The author covers tsunamis and ocean 
waves in a similar way, She describes the 
nature and consequences of run-up for major 
tsunamis. These rarely come ashore as “the 
spectacular wall of water... depicted in some 
movies.” Rather they seem like cycles of high 
and low tides compressed within an interval 
of tens of minutes, Examples of rogue waves, 
(single isolated gigantic waves 
or sets of several huge waves) 
provide an entertaining con- 
trast with tsunamis (which are 
tiny on the open ocean). In a 
relatively well-documented 
‘case from World War Il, RMS 
Queen Mary and the 16,000 
troops aboard encountered a 90-foot-high 
‘wave in the North Atlantic that tipped the ship 
to a 52° list (3° short of the design limit for 
capsizing), 

The inviting presentation of landslides 
includes examples of occurrences large and 
small, some historical and some from the 
geological record, (Among the latter: Fifty 
million years ago, at Heart Mountain, Wyo- 
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Aftermath. Grandmother and granddaughter searching 
through the rubble of their home (Miyagi Prefecture, Japan), 
which was destrayed in the Tohaku tsunami (11 March 2011). 


‘ming, a sheet of rock flowed more than 50 
km and covered 3300 km in an event Kieffer 
estimates lasted less than an hour.) In simi- 
larly broad and interesting treatment of atmo- 
spheric phenomena, Kieffer discusses disas- 
ters such as tornado outbreaks and severe 
hurricanes, She provides relatively painless 
introductions to Coriolis “forces” and Hadley 
cells as well as an engaging account of atmo- 
spheric vortices (“rotors”). 
‘The book concludes with considerations 
‘of how the public can be informed about and 
protected from natural disasters, Here Kieffer 
notes the chilling implications of the convie~ 
tions of Italian seismologists for their alleged 
failure to warn the public of seismic risks 
prior to the 2009 L'Aquila earthquake. 
Although some specialists may find the 
discussions superficial, itis hard to delve into 
details when considering such a broad topic 
in a restricted number of pages. The black- 
and-white illustrations may represent another 
compromise: while not particularly attractive, 
they help keep the book's price relatively low. 
In general, I found The Dynamics of Disaster 
a good read and strongly recommend it. 
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CONSERVATION 


Why Should We Care About 
Temporary Waterways? 


V. Acuia,'T. Datry? J. Marshall, D. Barcelé,"* C. N. Dahm, A. Ginebreda,* G. McGregor” 


SS. Sabater,"” K. Tockner,"* M. A. Palmer'®""* 


proposed ruling by the U.S. Envi- 
Afr Protection Agency (EPA), 
aimed at clarifying which bodies of 
water that flow intermittently are protected 
under law (/), has provoked conflict between 
developers and environmental advocates. 
Some argue that temporary streams and riv- 
ers, defined as waterways that cease to flow 
at some points in space and time along their 
course (see the figure, left) (Fig. 1) (2), are 


Failure to recognize, understand, and man- 
age temporary waterways leads to serious 
degradation of aquatic ecosystems accompa- 
nied by negative impacts to the societies that 
depend upon them, 


Current Conservation Status 
Traditional flow-gauging systems have vastly 
underestimated the number of intermittently 
flowing streams and rivers in most regions, 


PPOUcYEORUM 


Intermittently flowing streams and rivers 
should be recognized, afforded protection, 
and better managed. 


and services. They are critical conduits for 
water, energy, material, and organisms even 
when surface water is not present (/0). Shal- 
low subsurface flows may connect dry parts 
of a stream or river to downstream sections 
that have permanent flows, are often critical 
for the supply of water in permanent down- 
stream parts of a river basin, and support 
diverse hypotheic biota (1) 

‘Temporary waterways are also impor- 
tant conduits for lateral exchanges, as they 


1080 


essential to the integrity of entire river net- 
works, Others argue that full protection 
will be too costly. Similar concerns extend 
far beyond the United States. Debate over 
how to treat temporary waterways in water- 
policy frameworks is ongoing (3), particou- 
larly because some large permanent rivers 
are shifting to temporary because of climate 
change and extraction of water (4). Even 
without human-induced changes, flow inter- 
mittency is part of the natural hydrology for 
streams and rivers globally. 

We stress here the importance of policies 
to protect intermittently flowing streams and 
rivers and outline information needs that are 
critical to implementation of those policies. 


and digital hydrological data sets used widely 
by water resource managers are thus unrep: 
resentative (5). With development of novel 
affordable sensors, advances in remote sens- 
ing, and new modeling approaches, research- 
ers are now showing that flow intermitten 
is not only very common (6, 7) but makes 
up the majority of river networks in many 
regions (8). Recent work indicates that 69% 
of first-order streams (the smallest) below 60° 
latitude flow only intermittently (see the fig- 
ure, right), as do even a substantial fraction 
(34%) of larger, fifth-order rivers (9). 
Waterways that are naturally temporary 
support high biodiversity and important eco- 
system processes and provide valuable goods 
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Different seasonal flows. (Left) The Fuirosos 
stream (northeast Iberian Peninsula) and (right) an 
intermittent tributary in Parker's Creek (mid-Atlantic 
U.S.) during the dry and wet seasons. 


move nutrients and organisms back and 
forth between the channel and the flood- 
plain or riparian vegetation region because 
of changes in flow. These exchanges are crit- 
ical to maintenance of riparian and flood- 
plain ecosystems and, in some arid regions, 
support the majority of riparian vegetation 
(2). Riparian vegetation, as well as vegeta 
tion that grows in dry sections of temporary 
river channels, provides essential wildlife 
habitat, forage for livestock, and wood and 
other ecosystem services for local people 
(U3), Several fish species maintain healthy 
populations in temporary waterways; some 
species exhibit higher survival and reach 
larger sizes if they use temporary streams 
during early life stages (14. 

emporary streams are being buried or 
degraded at alarming rates owing to devel- 
opment, mining, hydrologic alteration, and 
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channel modification (15). Temporary riv- 
ers are also vulnerable because they are often 
used as drains to dispose of mine effluent and 
‘waste water, corridors for vehicles and live- 
stock, and quarries for sand and gravel (/3). 
Temporary waterways are sometimes man- 
aged as ifthey were permanent and, thus, may 
be subject to flow augmentation that leads to 
introduction of invasive plant and animal spe- 
cies (/6). This widespread degradation stems 
from lack of recognition, poor understanding, 
and inadequate management. 


Current Management Status 
The legal status of intermittently flowing, 
streams and rivers and the extent to which they 
are incorporated into policy, management, and, 
regulatory decisions vary widely depending 
on how temporary waters are defined by the 
authorities, as well as what kinds of protec- 
tion are given to temporary waterways. Even 
where flow intermittency is prevalent, tempo- 
rary waterways may not be legally recognized 
as part of the river network. For example, 
navigable streams or tributaries in the United 
States are considered “jurisdictional waters’ 

and are thus protected from filling or direct, 
polluting, In contrast, the jurisdictional sta- 
tus of tributaries that do not flow continuously 
is determined on a case-by-case basis (17); 
depending on the outcome, a temporary water 
body may or may not be protected (table $1). 
This results in costly delays in regulatory deci- 
sions and confusion among landowners and 
natural resource managers and regulators. A 
proposed EPA rulethat would remedy this and 
provide greater protection for most temporary 
‘waterways is pending public release (1). 

In the European Union (EU), a temporary 
stream or river may or may not be considered 
‘a water body (and therefore may or may not 
be protected) depending on the “typology” or 
water body classification method adopted in 
a particular region (table S1) (18). Under the 
EU Water Framework Directive (WFD) (/9), 
each river basin district has the authority to 
select one of two methods for classifying a 
waterway. The method generally preferred 
allows flexibility in what criteria other than 
watershed size are used in the classification 
process. The different criteria used in each 
river basin district have fostered a patchy 
implementation of the WFD, which has 
resulted in recognition of temporary water 
ways in few river basin districts in the EU 
(table S2) and in divergent outcomes. 

In contrast, federal and state legal defi- 
nitions in many parts of Australia explic- 
itly include temporary streams and rivers as 
watercourses (lable S1) (20) and thus include 
them in management plans that may afford 
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protection, For example, there is a focus on 
the provision of flows to protect environmen- 
tal values of temporary waterways in the state 
of Queensland, such as by setting thresholds 
for the maximum duration of no-flow spells to 
protect the persistence of drought refuge hab- 
itats or to prevent loss of condition of river 
dependent vegetation from water stress, 


Policy Supported by Science 
For policies to be consistent with current sci- 
ence, naturally temporary waterways should 
be legally defined as part of the river network 
if (i) they flow at some times and this flow 
connects them to a river network or (ii) they 
are habitat for obligate aquatic organisms or 
terrestrial organisms unique to dry river beds. 

Because temporary waterways exchange 
‘water and material with the riparia and flood- 
plains via subsurface or intermittent surface 
flows, for policies to be consistent with cur~ 
rent science, these lateral aquatic ecosystems 
must also be considered in management of 
temporary waterways. 

‘To implement these policies, we need 
improved mapping of temporary waterways. 
Inthe field, they can be identified by the pres- 
ence of definable channel banks or evidence 
of linear water flow, such as fluvially sorted 
bed sediments or deposits of transported 
organic matter. In lowland areas with poorly 
drained soils, channels may appear more 
like wetlands at points along their course 
because of subsurface water seepage above 
or below channel initiation (2/). New meth- 
ods to measure and predict flow intermittency 
are emerging (6, 22, 23). Development and 
refinement of biological indicators to assess 
and monitor the ecological status of tempo- 
rary waterways, a process ongoing in some 
regions, will be advantageous in promoting 
management under new policies (//, 17) 

‘Temporary waterways are critical hydro- 
logically, ecologically, and socially, and their 
number is expected to increase in many 
regions over the next several decades. Poli- 
cies to protect them must recognize that 
flow intermittency per se is not necessarily a 
stressor but a natural component of the flow 
regime of many waterways. Although eco- 
nomic implications of implementing new 
policies are likely to be debated, an eco- 
nomic analysis completed by the U.S. EPA. 
concluded that costs may be minimal or off- 
set by positive economic benefits (24). Par- 
ticularly in regions where societies intimately 
depend on temporary waterways (e.g., arid 
and semi-arid regions), further degradation of 
‘water resource quality and quantity generates 
critical problems, with mitigation costs far 
exceeding those required today to halt deg- 
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POLICYFORUM 


radation with improved waterway manage- 
ment. Not only would broader consideration 
of temporary waterways in management con- 
setve the direct values of these systems with- 
out necessarily imposing additional costs, it 
would also generate indirect benefits such as 
reducing the costs to society of flooding, 
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The Secret Garden—Epigenetic 
Alleles Underlie Complex Traits 


Robert J. Schmitz 


‘umerous studies are inves 
tigating the basis of com- 
plex traits in a wide range of 


species (1), However, largely absent 
are efforts aimed at examining the 
possible contribution of natural epi- 
genetic variation to heritable phe- 
notypic diversity. Epigenetics is the 
study of heritable phenotypic varia- 
tion that is not due to changes in the 
DNA sequence. Epigenetic variation 
is often overlooked because most 
populations used to analyze the basis 
of complex traits contain abundant 
DNA sequence variation—the major 
driver of phenotypic variation—and 
disentangling epigenetic variants from these 
sequence variants is a challenging task (2). 
On page 1145 of this issue, Cortijo et al, 
(3) demonstrate that epialleles (epigenetic 
alleles; alleles with the same DNA sequence 
but different DNA methylation patterns) are 
associated with heritable variation for two 
complex traits in the plant Arabidopsis thali- 
ana, These results provide strong evidence 
that epialleles contribute to the heritability of 
complex traits and therefore provide a sub- 
strate on which Darwinian evolution may act. 
Cortijo et al. analyzed a unique popula- 
tion of experimentally generated epigenetic 
recombinant inbred lines (epiRILs) derived 
from a cross between a mutant defective in 
DNA methylation, ddim! (decreased in dna 
methylation 1) (4), and its respective wild- 
type plant. In contrast to the widespread, 
albeit incomplete (5), erasure and reprogram- 
‘ming that happens in animals, DNA methy|- 
ation is inherited across generations in plant 
genomes. Thus, mosaic epigenomes that are 
homozygous for methylation states origi- 
nating from either the wild-type parent or 
the mutant parent could be generated: Only 
plants containing the wild-type DDM/ allele 
‘were retained for further analysis (6). 
Previous analyses of epiRIL populations 
have revealed widespread morphological 
variation for traits such as plant height, bio- 
mass, fruit size, number of fruits, time to 
flowering, germination rates, and response 
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to bacterial infection (6-8), Furthermore, the 
heritability associated with the phenotypic 
variance of these traits is comparable to the 
heritability estimates found in natural acce 
sions of 4. thaliana (7), suggesting that per- 
turbation of DNA methylomes can generate 
heritable phenotypic diversity similar to that, 
observed in the wild. 

Whether perturbation-induced epiallelic 
states [observed as differentially methylated 
regions (DMRs)] in the epiRILs are stable 
enough to become targets of either artificial 
or natural selection has been unclear. The 
authors previously used the methylation stat 
of DMRs that segregate in a Mendelian man- 
net as physical markers to generate a genetic 
‘map (9). That such a map can even be made 
indicates that many of the newly induced 
‘methylation states are stable, at least over the 
‘number of generations used to create the epi- 
RIL population. Cortijo et al. successfully 
used this genetic map for linkage mapping of 
two highly heritable complex traits: time to 
flowering (FT) and primary root length (RL). 
The linkage analysis revealed three quantita 
tive trait loci (QTLs) for FT and three differ 
ent QTLs for RL, and the combined additive 
effects of these QTLs explained large propor- 
tions of total phenotypic variation associated 
with either FT or RL. Therefore, this study 
clearly establishes that many of the epiallel 
derived from the creation of the epiRIL popu- 
lation are stable over at least eight generations 
and that these epialleles affect observed phe- 
notypic variation, Identification of the causal 
epiallelic variants underlying each QTL isthe 
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In the plant Arabidopsis thaliana, epigenetic 
variation, like genetic change, is potentially 
a substrate for Darwinian evolution, 


next major challenge to demonstrate 
that epialleles contribute to the pheno- 
typic variation observed in the epiRIL. 
population. 

Cortijo ef al. relied on experimen- 
tally induced epiallele formation in arti- 
ficial populations. Presently, this is the 
only method capable of disentangling 
the link between natural genetic and 
epigenetic variation. It raises the ques- 
tion, however, of whether these results 
are applicable to populations of A 
thaliana accessions found in the wild. 
‘To address this limitation, Cortijo et al, 
compared the DMRs present in the e 
RIL population with DMRs identified 
from whole-genome bisulfite sequencing of 
138 natural accessions of A. thaliana (/0) and 


discovered that ~30% of the DMRs in their 
data set are also present in the natural acces- 


sions, This overlap between experimentally 
induced and naturally occurring epialleles 
suggests that these loci are highly relevant 
and could contribute to at least some propor- 
tion of the often discussed “missing heritabil- 
ity” of complex traits (11, 12) 

Cortijo ef al. also uncovered a sizable 
‘number of allelic variants in natural popula 
tions that are silenced by DNA methylation, 
‘The method used to create the epiRIL popu- 
lation led to the reactivation of some of these 
alleles, which resulted in heritable phenotypic 
variation. The appreciable overlap between 
experimentally induced and naturally occur- 
ring epialleles could result from natural loss- 
of-function mutations of ddm/ in the wild. 
‘There is also evidence in 4. thaliana for spon- 
taneous epiallele formation between genera- 
tions (13, 14), some of which are recurrent, in 
the absence of ddm/ mutations 

‘The detected epialleles from all of these 
populations, whether experimental or natu- 
ral, arose in the absence of experimental 
environmental perturbation. The possibility 
of environmentally induced epiallele forma- 
tion and its role in local adaptation to chang- 
ing environments has generated consider- 
able interest, but there is currently limited 
evidence to support the existence of these 
environmentally induced transgeneration- 
ally stable epialleles. An important next step 
will be to determine if the environment can 
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affect the rate at which these spontaneous 
epialleles appeat. 

Cortijo ef al. demonstrate that heritable 
phenotypic variation can be achieved by per- 
turbing DNA methylomes and reactivating 
silenced DNA sequences. The implications 
for crop systems are exciting, suggesting that 
heritable phenotypic variation can be rap- 
idly generated that is linked with previously 
unstudied natural genetic variants. Develop- 
ing techniques to precisely engineer DNA. 
methylation sites without affecting the under- 
lying DNA sequence will allow testing of 


candidate epigenetic QTLs and examination 
of the potential to select for previously epi- 
genetically silenced alleles in a wide range of 
plant populations. Future studies will deter 
mine the potential of these epialleles to rap- 
idly generate heritable phenotypic variation 
upon which natural selection can act to alter 
the evolutionary trajectory of a species, 
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CO Meets CO, One 


jel Salmeron 


room at the bottom” (/), Richard Feyn- 

man challenged scientists to build micro- 
scopes that could be used to manipulate 
atoms one by one. Twenty-five years later, the 
scanning tunneling microscope (STM) was 
invented (2), enabling individual atoms to 
be dragged to specific locations in a smooth 
surface (3). The atomic force microscope 
(AFM) (4) allowed even more sophisticated 
manipulations of atoms and molecules. At 
first sight, the importance of these feats may 
appear to be of an academic nature, but the 
‘wider implications in nanotechnology, which 
‘aims to manipulate matter at the atomic level 
to produce new materials, soon became clear, 
On page 1120 of this issue, Weymouth et al. 
(5) measure the forces between two single 
CO molecules, an example of the type of fun 
damental understanding that can be obtained 
with atomic force microscopy. 

In an AFM, a sharp tip is mounted on a 
vibrating cantilever like that of the tuning, 
fork used in the humble wrist watch. When 
the AFM is operated in noncontact mode (in 
‘which the sharp tip does not directly touch the 
surface), the last atom in its tip feels the tiny 
forces associated with attraction to and repul- 
sion from other nearby atoms or molecules. 
These forces are the same as those between 
two atoms that are in the process of forming, 
‘a chemical bond; their strength decays expo- 
nentially at distances comparable to the size 
ofthe atom, 

With the noncontact AFM, one can obtain 
images of individual atoms and of atoms 


I: his 1959 lecture, “There is plenty of 
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at a Time 


within molecules with picometer resolution 
(10" m). It can also distinguish the compo- 
nent atoms inside the molecules by mapping 
the electron clouds of the chemical bonds, as, 
shown recently in detailed images of penta- 
cene, a planar molecule with five benzene- 
like rings (6). In this work, Gross ef al. fol- 
lowed Eigler’s pioneering work (7) by attach- 
ing an atom or molecule to the end of the tip; 
this atom or molecule is then used to image 
the surface. This tip engineering removes the 
uncertainty of the atomic structure of the tip 
apex, a problem that plagues more standard 
STM and AFM imaging, 


e 


avobae cookeo 


2ntermediate close 
‘ange: CO bending 
due to attraction 


‘Foo far away: 
no interaction 


ee 


CO-CO distance: 


Close approach. Weymouth et al, attached a CO molecule to the AFM 
tip and then measured the changes in interaction energy as the tip came. 


near a surface-bound CO molecule, 


Very close range: 
CO bending due 
to repulsion 


{An atomic force microscope is used to measure 
the molecular forces between two carbon 
monoxide (CO) molecules. 


The high spatial resolution achieved in 
noncontact AFM results from the exqui- 
site sensitivity of the vibration frequency of 
the quartz tuning fork, the same reason that 
quartz watches keep time so accurately. Tiny 
changes in this frequency due to atom-atom 
interactions can then be used to obtain atomi- 
cally resolved images when the tip is rastered 
overa surface. More important, the measured 
frequency shifls can be used for a quantitative 
determination of the forces at play. 

Weymouth ef al. do precisely this. They 
measure the shifts in the tuning-fork fre- 
quency when a CO molecule attached to 
the tip end is brought close 
to another CO molecule 
adsorbed on the surface of 
‘a copper crystal. As the oxy- 
gen atoms of the molecules 
approach each other, they 
first attract and later repel 
when their electron clouds 
overlap too much (see the 
figure). From the frequency 
shifts, the authors obtain a 
map of interaction energy 
between the oxygen atoms 
in the molecules. The depar- 
ture of the repulsive part of 
the force from the expected 
curve shows that at close 
contacts, the molecules 
bend to avoid each other 
(see the figure). 

To investigate the stiff 
ness of this bending motion 
in detail, the authors next 
measured the frequency shift 
When the tuning fork and its 
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attached CO molecule oscillate horizontally 
while approaching another CO molecule on 
the surface. By doing this at different heights 
over the Cu surface, the authors were able to 
obtain.a complete map of the forces and ener- 
gies between the CO molecules. 

As the result reported by Weymouth et al 
show, noncontact AFM is a crucial tool in the 
quest to image atoms and molecules at ever 
higher resolution and to understand the origin 
of the forces that keep them together. From 
the measured forces, itis possible to identify 
the nature of the atoms (8) and to deduce their 
interaction energies. Furthermore, it opens 
the way for studying chemical reactions at the 


individual atom or molecule level. For exam- 
ple, one could choose a particular site on the 
surface of a catalyst and position an atom or 
molecule there, using the tip as “tweezers.” 
By bringing another atom or molecule near 
to the first from various directions and at 
various distances and measuring the result- 
ing forces, one could determine whether a 
reaction occurs and what the products are, In 
another scenario, the technique could be used 
to construct novel molecules by bringing the 
‘component atoms to the chosen locations one 
at a time, Such experiments are already hap- 
pening in the laboratories of researchers, The 
possibilities are endless, 


References and Notes 

1, Fora transcript ofthe lecture, see wnt caltech, 
du/—feymanipenty hm. 

2, G. Bing, H Rare, Ch. Gerber, E Meibel, gp Phy. 
‘ett. 40,178 (1982) 

3. DM Eile, K Schlzer, Nature 344, 524 (1990) 

4. G.Binnig, CF Quate,C. Garber, Phys. Rev Let. 56, 930 
(as26) 

5, A.J. Weymouth, 7 Matmann,F.). Gisib Science 343, 
1120 (2014); 10.1126/sence 1249502. 

6. L Gross, F Mohn, N. Ml Lljeoth, 6. Meer, Science 
325, 1110 (2009), 

7. D.M Eiger, CP Lt, WE Rudge, Notre 352, 600, 
(a9, 

8, ¥-Sugimoto eta, Mature 446, 64 (2007. 


20.326/senee 1251252 


ENVIRONMENT 


Water Loss from the Great Lakes 


‘Andrew D. Gronewold and Ci 


ig A. Stow 


's marine coastal populations experi- 
A= and plan for rising ocean lev- 

els (/), residents along the coasts of 
Earth’ largest lake system are encountering 
the opposite problem: persistent low water 
levels and a receding shoreline. In Janu- 
ary 2013, federal agencies from the United 
States and Canada documented the lowest 
water levels ever recorded on lakes Michigan 
and Huron (2), Only 6 years earlier, histori- 
cally low water levels were recorded on Lake 
‘Superior (3), which feeds into the Lake Mich- 
igan-Huron system. These low water levels 
are symptoms of an imbalance in the water 
budget of the Great Lakes, Adapting to, and 
potentially mitigating, low water level condi- 
tions requires improved quantification of the 
factors that drive the imbalance. 

Low water levels have a profound impact 
on the Great Lakes region and the North 
American economy by limiting navigabil- 
ity of shipping channels, reducing hydro- 
power capacity (e.g., at Niagara Falls, the 
largest electricity producer in New York 
State), impeding tourism and recreational 
activities, and increasing operational risks to 
industries that rely on the lakes as a source of 
process and cooling water. Relative to water 
levels on most marine coasts, annual water 
levels on the Great Lakes fluctuate widely. 
On Lake Michigan-Huron, for example, the 
historical range of recorded annual average 
water levels is close to 2 m (see the first fiz- 
ure), These fluctuations are mainly driven by 


National Oceanic and Atmospheric Administration (NOAA), 
Great Lakes Environmental Research Laboratory (GLERL, 
‘Ann Arbor, Ml, USA. -mail: drew gronewoldgonoaa.gov 


changes in regional precipitation (including 
both overlake precipitation and terrestrial 
runoff) and overlake evaporation. Water lev- 
els on Lake Michigan-Huron previously hit 
record lows in the mid-1960s and peaked in 


Water temperature 
‘0 


0 


Water level 
(departure from mean, m) 


1950 


we 


17015801990 


Regional climate trends. Annual climate and hydrological variables 
for Lake Superior (ight colors) and Lake Michigan-Huron (dark colors) 
reflect long-term trends and abrupt shifts in surface water temperature 
(blue lines) and overtake evaporation (red lines). These factors have con- 
tributed to recent record low water levels on both lake systems (green 
lines). Water surface temperature and overlake evaporation estimates 
are based on computer models that assimilate measurements from a 
sparse network of shoreine-based stations, offshore stations (many of 
which are currently inactive), and seasonal offshore buoys (see second 
figure). Water levels are based on a comprehensive international net- 
work of shoretine monitoring stations. The vertical gray band indicates 
the approximate period of the 1997-1998 El Nifo, Point A indicates 
record lows on Lake Superior for the months of August and September 
(both in 2007). Point B indicates record lows on Lake Michigan-Huron 
for the month of December (in 2012) and for all months (in January 


2013). Data are from (10, 14). 


[cant 


7000 


Knowledge of the drivers behind recent record 
{ow water levels in the North American Great 
Lakes can help water resource management 
planning. 


the mid-1980s, causing extensive erosion- 
related damage. 

Most of the episodic changes in Great 
Lakes water levels over the past century are 
attributable to corresponding changes in 
annual precipitation, For 
example, the increas 
water levels across 
the Great Lakes in the late 
1960s, early 1970s, and 
early 1980s, as well as the 
water level drop in the late 
1980s, are more closely 
linked to trends in precipi 
tation than overlake evap- 
oration (4). However, the 
large water-level drop in 
the late 1990s coincided 
with one of the strongest 
El Nifio events on record 
(see the first figure) and ris- 
ing surface water tempera- 
tures (~2.5°C from 1997 
to 1998) on Lakes Supe- 
rior and Michigan-Huron, 
Strong El Nifio events typi- 
cally lead to abnormally 
mild winters in the Great 
Lakes, and the 1997-1998, 
EL Nifto appears to show an 
amplification of that rela- 
tionship. 

Since the late 1990s, 
the higher surface water 
temperatures have per- 
sisted, promoting increased 
overlake evaporation, 


‘Overtake evaparation (mm) 


200 
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decreased winter ice-cover, 
and a period of sustained 
low water levels. At the 
same time, annual precipi- 
tation throughout the Great 
Lakes basin has, relative 
to overlake evaporation, 
shown minimal net change, 
although extreme dry condi 
tions in 2012 combined with 
the already below-average 
water levels to produce the 
record seasonal lows of late 
2012 and early 2013. 

‘The low levels have cat- 
alyzed demands to regulate 
outflows from Lake Michi 
gan-Huron (5); however, the 
demands are often aimed 
at reversing reductions 
associated with historical 
dredging (6) and interbasin 
diversions (7). Differentiat- 
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Montreal 
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ing potential justifications Ne York 
for raising water levels on 
Lake Michigan-Huron is Philadelphia) 


critical; compensating for 
historical dredging alone 
would do little to alleviate 
low water-level problems 
if declines continue due 
to climate change. Water 
resource management plan- 
ning decisions thus hinge 
critically on determining the 
extent to which the water- 
level drop in the late 1990s was a state shift 
resulting from a strong climate perturbation 
(the 1997-1998 El Nifio); part of a progres- 
sive decline resulting from global climate 
change (8, 9); or a consequence of engi- 
neering modifications to the hydrologic sys 
tem, including historical channel dredging 
and regulation of Lake Superior outflows. 
Resolving these questions, however, is not 
straightforward. 

For example, historical estimates of 
overlake evaporation and lake-wide sur 
face water temperature in the Great Lakes 
(see the first figure) are based on computer 
models (/0) that assimilate intermittent 
‘measurements from a small set of coastal 
and offshore meteorological monitoring 
stations (see the second figure). The coarse 
resolution of the monitoring network over 
the lakes themselves, coupled with spatial 


‘These uncertainties complicate planning 
decisions but should be greatly reduced by a 
new and expanding network of year-round 
offshore monitoring stations. Within the 
past 5 years, for example, six fixed eddy-flux 
towers have been installed on remote light- 
houses across the Great Lakes (J2). Further 
‘more, scientists are exploring buoy-based 
sensors that could increase the spatial reso- 
lution of evaporation-related measurements 
substantially (13). Findings from these 
‘monitoring platforms may help to improve 
understanding of the water budget and of the 
drivers of water loss from Lakes Superior 
and Michigan-Huron. 
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Internetionel Upper Gret Lakes Study, 15 Agri 2013; 
see hpi orghulsepor page id=1028 


6, EH Quinn, Great Lakes Res. 1, 400 (1985), 10.1 126)usence 1249978 
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Feedback of the Magnetosphere 


Joseph E. Borovsky 


jor half a century, it has been known 
Fe: the solar wind drives geomagnetic 
activity in Earth’s magnetosphere. 
Changes in the solar-wind plasma produc: 
perturbations in ground-based magnetome- 
ters and can prompt changes in Earth’s auro- 
ral activity. When the coupling of the solar 
wind to the magnetosphere becomes particu- 
larly strong, a geomagnetic storm can occur, 
Which may result in interference with com- 
‘munications, damage to spacecraft, and risk 
to high-latitude power grids (/). On page 
1122 of this issue, Walsh ef al. (2) report sat- 
ellite measurements that quantify important 
‘modifications to this coupling between the 
solar wind and Earth’s magnetosphere. 
Magnetic-field-line reconnection (3) is 
the fundamental mechanism that enables the 
coupling of the supersonic solar-wind plasma 
to Earth’s magnetosphere. At the sunward 
boundary of the magnetosphere, mi 
field-line reconnection connects the mag- 
netic field of the moving solar-wind plasma 
to the magnetic field of Earth, enabling the 
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flow of electrical currents and the exchange 
of mass, momentum, and energy between the 
solar wind and the magnetosphere. What- 
ever controls the rate of reconnection on this, 
boundary controls the rate of coupling. Until 
recently, it was believed that the solar wind 
entirely controlled the reconnection rate 
Magnetospheric physics is evolving 
toward a systems-science approach to the 
operation of the complex magnetosphere- 
ionosphere system (4, 5). In this approach, 
the behavior of the entire interacting sys- 
tem is considered when studying any aspect 
of the system. Cold-plasma outflow from 
the ionosphere accumulates in the magne- 
tosphere to high densities forming a reser 
voir region near Earth known as the plasma- 
sphere; when solar-wind coupling becomes 
strong, some of that stored cold plasma is 
released and transported from the near- 


Earth reservoir to the sunward boundary of 


the magnetosphere (6, 7). Satellite imaging 
reveals a plume of this cold plasma drain- 
ing from the plasmasphere and advecting 
toward the sunward boundary (see the fig- 
ure). Measurements have confirmed that this 
plasma flows into the site of reconnection on 


the sunward boundary (8). This inflow of 


Dayside boundary 


Plasmaspher 


ichronous orbit 


Dawn, 


Pushing back. From a perspective high over the North Pole of Earth, the cold 
plasma in the equatorial plane of Earth's magnetosphere is sketched at two dif 
ferent times. (A) When solar-wind coupling is weak, the near-Earth reservair 
(plasmasphere) is shown in green. (B) When coupling becomes stronger, the 
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Plasmasphere 


‘A dense cold plasma from Earth’s ionosphere 
can counter strong solar wind, 


dense plasma could mass-load the reconnec- 
tion site to reduce the rate of reconnection 
and, hence, reduce the coupling of the solar 
wind to the magnetosphere (9), 

The plasmasphere effect has several clas- 
ence aspects (10): Itrepresents 
a negative-feedback loop to the driving of the 
system—that is, the stronger the driving, the 
‘more rapidly plasma is fed into the recon- 
nection site; the strength of this feedback 
depends on the several-day time history of the 
‘magnetosphere, i.e., on how full the plasma 
reservoir is; time lags are introduced into the 
response of the magnetospheric system, as 
the leading edge of dense plasma takes min- 
utes to reach the reconnection site and then 
days for the reservoir to be depleted: it is a 
system-wide phenomenon involving the ion- 
osphere, the near-Earth magnetosphere, the 
sunward boundary of the magnetosphere, and 
the solar wind; and it involves diverse physi- 
cal processes such as ionospheric outflows, 
magnetospheric transport, and magnetic 
field-line reconnection, 

Until recently it had been tho 


sie syst 


ght that 
the motional electric field of the magne- 
tized solar-wind plasma controlled the rate 
of reconnection (11). The new Cassak-Shay 


Dayside bounda 


Drainage 
plume 
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Dawn 


plume of sunward-convecting cold plasma eroding from the reservar is seen. The 
Cold plasma ofthe plume flows to the dayside boundary of the magnetosphere, 
where it interferes withthe reconnection process. Space-based ultraviolet images 
of this cald-plasma movement can be seen in Goldstein (7). 
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approach (/2) to calculating reconnection 
rates in plasmas explicitly allows for quan- 
tification of this plasmasphere effect. In the 
Cassak-Shay formulation, the reconnection 
rate is sensitive to the mass density of each 
of the two plasmas coming into contact—the 
solar wind and the magnetosphere. Previ- 
ous work reported a critical statistical analy. 
sis of measurements of the mass density of 
this cold magnetospheric plasma entering the 
boundary reconnection site (13). Now, Walsh 
et al. put together observations of the com- 
plete flow of this cold plasma from the near- 
Earth regions to the sunward boundary of the 
magnetosphere and supply satellite measure- 
ments that show that the plasma indeed mass 
loads the rate of reconnection, 


The plasmasphere effect is indicative of a 
new level of sophistication in the understand- 
ing of how the magnetospheric system oper- 
ates, The effect can be particularly important 
for reducing solar-windimagnetosphere cou- 
pling during geomagnetic storms. Instead of 
unchallenged solar-wind control of the rate of 
solar-wind/magnetosphere coupling, we see 
that the magnetosphere, with the help of the 
ionosphere, fights back, 
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A Genomic Road Map for Complex 


Human Disease 


Peter K. Gregersen 
genome-wide associa 


D=: studies (GWAS) 


in identifying genetic connec- 
tions with human disease, it has 
become clear that interpreting, 
these data requires a clear under- 
standing of how these new risk 
genes are regulated. On pages 
1118 and 1119 of this issue, Fair- 
fax et al, (1) and Lee et al. (2), 
respectively, elucidate networks 
of genetic regulation in the con- 
text of the human innate immune 
system and show how this information can be 
directly applied to understanding the genetics 
of autoimmune disorders, 

The human immune system can be broadly 
divided into the innate and adaptive immune 
systems, The latter enables the formation of 
immune memory through T cell responses 
and the production of antibodies by B cells 
Although many genetic variants control these 
processes, the human major histocompat- 
ibility complex [(MHC); cell surface mole- 
cules that mediate interactions with immune 
cells] has a predominant role in determining 
specificity of the adaptive immune response. 


espite the successes of 
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By contrast, the innate immune system com- 
prises phylogenetically older mechanisms 
of immediate immune defense with various 
cellular components, many of which interact, 
with the adaptive immune system, Two innate 
immune cells, monocytes and dendritic cells, 
are the focus of studies by Fairfax et al. and 
Lee et al., respectively 

Gene expression can be quantified 
according to the amount of messenger RNA. 
(mRNA) in cells and is therefore a quan- 
titative trait. Genetic variants that regulate 
mRNA expression are one form of quantit 
tive trait locus (QTL), or eQTL. Early investi- 
gations of QTLs often examined cell ines or 
peripheral blood. However, the message that 
emerges from Fairfax ef al. and Lee et al. is 
that the patterns of eQTLs are highly depen- 
dent on the specific cell type examined, and 


Consideration of cell type- and disease- 
associated environmental conditions is critical 
to connecting specific genetic variants to 
immune disorders. 


Variation and response. eQTL information 
‘an be integrated with GWAS information to 
better understand how genetic variants are 
linked to innate immune responses to infec 
tion. Shon isthe locus of the /RF7 gene in 
dendritic cells from two individuals. The top 
locus has a SNP (asterisk) that is associated 
with susceptibility tothe autoimmune condi- 
tion lupus. This locus is also an eQIL for the 
dendritic cell response (interferon production) 
to infection with influenza virus. Elevated pro- 
duction of interferon is also often observed in 
lupus, a disease that has been associated with 
abnormalities in dendritic cells (B). 


even more strikingly, on the in vitro environ- 
mental conditions to which a cell is exposed. 
Both groups focused on immune activators, 
including viruses, cytokines (interferon), and 
bacterial products such as lipopolysaccharide 
(LPS). These exposures are directly relevant 
to disease-related phenotypic differences 
among individuals, 

Although this general message may be 
straightforward, and even expected, obtain- 
ing supporting data is not trivial; the seien- 
tific treasures are to be found in the com- 
plexity of the experimental details. There 
are many potential sources of variation in 
gene expression, and providing robust evi- 
dence for genetic variation interacting with 
environmental exposures requires the study 
of hundreds of subjects with defined geno- 
types, comprehensive and reproducible gene 
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approach (/2) to calculating reconnection 
rates in plasmas explicitly allows for quan- 
tification of this plasmasphere effect. In the 
Cassak-Shay formulation, the reconnection 
rate is sensitive to the mass density of each 
of the two plasmas coming into contact—the 
solar wind and the magnetosphere. Previ- 
ous work reported a critical statistical analy. 
sis of measurements of the mass density of 
this cold magnetospheric plasma entering the 
boundary reconnection site (13). Now, Walsh 
et al. put together observations of the com- 
plete flow of this cold plasma from the near- 
Earth regions to the sunward boundary of the 
magnetosphere and supply satellite measure- 
ments that show that the plasma indeed mass 
loads the rate of reconnection, 


The plasmasphere effect is indicative of a 
new level of sophistication in the understand- 
ing of how the magnetospheric system oper- 
ates, The effect can be particularly important 
for reducing solar-windimagnetosphere cou- 
pling during geomagnetic storms. Instead of 
unchallenged solar-wind control of the rate of 
solar-wind/magnetosphere coupling, we see 
that the magnetosphere, with the help of the 
ionosphere, fights back, 
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in identifying genetic connec- 
tions with human disease, it has 
become clear that interpreting, 
these data requires a clear under- 
standing of how these new risk 
genes are regulated. On pages 
1118 and 1119 of this issue, Fair- 
fax et al, (1) and Lee et al. (2), 
respectively, elucidate networks 
of genetic regulation in the con- 
text of the human innate immune 
system and show how this information can be 
directly applied to understanding the genetics 
of autoimmune disorders, 

The human immune system can be broadly 
divided into the innate and adaptive immune 
systems, The latter enables the formation of 
immune memory through T cell responses 
and the production of antibodies by B cells 
Although many genetic variants control these 
processes, the human major histocompat- 
ibility complex [(MHC); cell surface mole- 
cules that mediate interactions with immune 
cells] has a predominant role in determining 
specificity of the adaptive immune response. 


espite the successes of 
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By contrast, the innate immune system com- 
prises phylogenetically older mechanisms 
of immediate immune defense with various 
cellular components, many of which interact, 
with the adaptive immune system, Two innate 
immune cells, monocytes and dendritic cells, 
are the focus of studies by Fairfax et al. and 
Lee et al., respectively 

Gene expression can be quantified 
according to the amount of messenger RNA. 
(mRNA) in cells and is therefore a quan- 
titative trait. Genetic variants that regulate 
mRNA expression are one form of quantit 
tive trait locus (QTL), or eQTL. Early investi- 
gations of QTLs often examined cell ines or 
peripheral blood. However, the message that 
emerges from Fairfax ef al. and Lee et al. is 
that the patterns of eQTLs are highly depen- 
dent on the specific cell type examined, and 


Consideration of cell type- and disease- 
associated environmental conditions is critical 
to connecting specific genetic variants to 
immune disorders. 


Variation and response. eQTL information 
‘an be integrated with GWAS information to 
better understand how genetic variants are 
linked to innate immune responses to infec 
tion. Shon isthe locus of the /RF7 gene in 
dendritic cells from two individuals. The top 
locus has a SNP (asterisk) that is associated 
with susceptibility tothe autoimmune condi- 
tion lupus. This locus is also an eQIL for the 
dendritic cell response (interferon production) 
to infection with influenza virus. Elevated pro- 
duction of interferon is also often observed in 
lupus, a disease that has been associated with 
abnormalities in dendritic cells (B). 


even more strikingly, on the in vitro environ- 
mental conditions to which a cell is exposed. 
Both groups focused on immune activators, 
including viruses, cytokines (interferon), and 
bacterial products such as lipopolysaccharide 
(LPS). These exposures are directly relevant 
to disease-related phenotypic differences 
among individuals, 

Although this general message may be 
straightforward, and even expected, obtain- 
ing supporting data is not trivial; the seien- 
tific treasures are to be found in the com- 
plexity of the experimental details. There 
are many potential sources of variation in 
gene expression, and providing robust evi- 
dence for genetic variation interacting with 
environmental exposures requires the study 
of hundreds of subjects with defined geno- 
types, comprehensive and reproducible gene 
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expression analysis, careful isolation of the 
proper cell subsets, and controlled in vitro 
stimulations with respect to dose and timing, 

eQTLs may act in cis (regulatory variants 
located near the gene under regulation), of 
in trans (regulation by variants at great dis 
tance, including on different chromosomes) 
‘There are many examples of cis regulation, 
but trans regulation has been more difficult 
to sort out due to its complexity and the large 
number of potential variants to investigate. 
It is therefore gratifying that both studies 
show an integrated network of cis and trans 
regulation, Fairfax ef al. identify, within the 
Toll-like receptor (TLR) pathway (which 
responds to bacterial LPS), the transcription 
factor interferon regulatory factor 2 (IRF2) 
as an eQTL in monocytes. Lee et al. demon- 
strate trans-eQTLs of IRF7 in dendritic cells, 
under several conditions. Adding to this com- 
plexity, it is apparent that trans-eQTLs can 
also be time dependent, mediated indirectly 
through intervening signaling pathways. For 
example, interferon BI (IFNB1) is among, 
the cis-eQTLs in monocytes that is induced 
by LPS at 2 hours after exposure. However, at 
24 hours after exposure, this cis-eQTL is no 
longer observed, but multiple trans-eQTLs 
appear in pathways downstream of [FNB1 
Although Lee ef al. restricted their full anal- 
yses of LPS-triggered responses to an early 
time point (5 hours after exposure), itis clear 
from their exploratory time-course data that 
similarly connected time-dependent eQTL. 
responses are likely to exist in dendritic cells, 
‘One example of an additional mechanistic 
twist involves a coding-region eQTL in the 
gene encoding cytochrome P450 1B1 that 
leads to shortened protein half-life and con- 
sequent compensatory feedback on transcrip- 
tion of its own mRNA. Clearly, the experi- 
‘mental details are critical for eQTL discovery 
and mechanistic understanding, 

‘Such information can be applied to under- 
standing GWAS data. For example, the hap- 
lotype bearing the IRF7 trans-eQTL con- 
tains a single-nucleotide polymorphism that 
is associated with systemic lupus and is also 
an eQTL for induction of a robust interferon 
response to viral exposure (sce the figure), 
a finding consistent with abnormal regula 
tion of interferon in this disease (3). Simi- 
larly, Fairfax e¢ al. show that an interferon- 
dependent eQTL in the gene encoding cas- 
pase recruitment domain-containing protein 
9 (CARDS), a protein associated with the 
inflammatory bowel disorder Crohn's disease 
(4), is actually a secondary independent dis- 
cease-associated variant in the CARDY locus. 
Indeed, the studies of Fairfax ef al. and Lee 
et al, reveal a great deal of overlap between 


eQLT loci and a variety of immune-related 
disorders. Furthermore, Lee ef al. show that 
‘many eQTL loci have multiple variants with 
distinct effects, emphasizing the complex- 
ity of interpreting associations identified by 
GIWAS, even at single locus. 

An intriguing observation by Fairfax et 
al, is that interferon acts through the MHC 
to induce many trans-eQTL effects in iso- 
lated monocytes, The MHC is one of the 
most gene-dense and highly polymorphic 
regions in the genome, so it can be difficult 
to pinpoint exactly which genetic variants 
are responsible for these trans-eQTL effects. 
‘The MHC is the predominant genetic locus 
controlling adaptive immunity and many 
autoimmune diseases, primarily through 
interactions with T cell receptors, For these 
eQTLeffects on monocytes, however, T cells, 
are not present in the system. Nevertheless, 
eQTL effects are correlated with the ci 
eQTL effects on class Il MHC expression, 
suggesting that the class II molecules them- 
selves may be mechanistically involved. This, 
is consistent with studies showing intracel- 
lular signaling by MHC class molecules (5 


as well as their ability to modify signaling, 
through TLR pathways (6), 

eQTLs for gene expression that are cell 
type—and context-specific will be reflective of 
quantitative immune traits at the system and 
organismal levels (7, 8), which in turn consti- 
tute phenotypes that are likely to determine 
disease susceptibility (9). Elucidating these 
relationships is a major challenge, and will 
require extensive collaboration among clini- 
cal and basic investigators, as well as scien- 
tists with advanced computational expertise. 
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Combating Evolution 


to Fight Disease 
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Molecular mechanisms that generate biological diversity are rewriting ideas about how 
evolution proceeds, with implications for treating disease. 


olecular biology and evolution- 
M:« biology have been sepa- 

rate disciplines and scientific 
cultures: The former is mechanistic and 
focused on molecules; the latter is 
theoretical and focused on populations. 
However, these domains are beginning to 
converge in laboratories addressing molec- 
ular mechanisms that explain how evolu- 
tionary processes work, and bring these 
processes to bear on medical problems such 
as cancer and infectious disease. Each dis- 
cipline can be viewed as a missing link in 
the other's description of biology, and in 
medicine. 
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‘Traditional evolutionary biology began 
in the 1930s with the “modern synthesis,” 
which fused Darwin's theses on phenotypic 
variation and selection with Mendel’s con- 
cepts of genetic inheritance to explain the 
source of biological diversity. This synthesis, 
predated knowledge that genes were made 
of DNA and of the structure of DNA and 
how it replicates, Thus, molecular mecha- 
nisms could not be integrated into concepts 
about how phenotypic variation is gener- 


ated. Instead, assumptions had to be made 
about the origins of the variation that drives 
evolution. Among the cornerstone assump- 


ers of evolution; mutations occur randomly, 
constantly, and gradually; and the transmis- 
sion of genetic information is vertical from 
parent to offspring, rather than horizontal 
(infectious) between individuals and spe- 
cies (as is now apparent throughout the tree 
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of life), But discoveries of molecular mech- 
anisms are modifying these assumptions. 

In at least two ways, heritable variation 
can be generated by proteins, not DNA (1). 
Spontaneously self-aggregating alternative 
conformations of some proteins —prions— 
can flip into their aggregated state and change 
a cell’s phenotype in an environmentally 
responsive manner with no change to DNA. 
The change is transmissible vertically, par- 
ent to offspring cell, as well as horizontally, 
to other cells in which the proteins come in 
contact. Another mechanism involves chap- 
erones such as heat shock protein 90 (Hsp90), 
proteins that massage subideal (mutant) pro- 
teins into functional conformations but aban- 
don their regular client proteins during heat 
and other stresses that destabilize proteins. 
This causes a stress-inducible release of phe- 
notypic diversity, which may drive evolution 
(with phenotypes ultimately stabilized by 
subsequent genetic changes). Both of these 
molecular mechanisms of protein-based 
inheritance are major departures from the 
modern synthesis views of solely mutation- 
directed variation, solely genetic inheritance, 
and independence of the generation of varia- 
tion from environmental conditions, 

Similarly, transient errors in mRNA syn- 
thesis can also cause heritable non-DNA- 
based phenotypic change. This is observed 
‘when low-abundance transcriptional regula- 
tors are affected by transcription errors. This 
disruption can cause a cell to alter its gene 
expression, resulting in a phenotype that may 
be heritable (2). 

Even the assumption that mutations are 
random, constant, and gradual has been 
revised on the basis of molecular mechanisms 
of mutagenesis. For example, in bacteria, 
responses to environmental stress can acti- 
vate mutagenesis mechanisms that increase 
mutation rate, which can potentially increase 
the ability of a cell to evolve, specifically 
when it is poorly adapted to its environment 
(when stressed). Most of a 93-gene network 
that promotes mutagenesis in Escherichia 
coli is devoted to sensing stress and activat- 
ing stress responses that direct the bacterium, 
to mutate When stressed (3). Stress responses 
also up-regulate mutagenesis in yeast (4) and 
human cancer cells (5) and underlie muta- 
tions induced by antibiotics that cause resis- 
tance to those very drugs, and others (6) 

Mutations are also nonrandom in 
genomic space—for example, forming 
hot spots at DNA double-strand breaks, as 
demonstrated in bacteria (7) and suggested 
by local clusters of mutations in cancer 
genomes (8, 9). In cancer, the mutations are 
generated by cytidine deaminases that tar- 
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New drugs 
target evoluti 


“Anti-evolvability” therapies. Multiple molecular 
mechanisms including mutation, protein conforma- 
tional change, and epigenetic gene silencing create 
phentypic variation that, with selection forthe fit- 
test cell, drives cancer initiation, progression, and 
resistance. Whereas conventional antiprotiferative 
therapies target the products of this somatic cell 
evolution, proposed new therapies that block the 
evolutionary processes by which phenotypic varia- 
tion is generated may be effective. 


get single-stranded DNA regions (10), pre- 
sumably at DNA breaks. Additionally, the 
structure of the human genome with regard 
to repetitive DNA (//) and three-dimen- 
sional structure (/2, 13) predisposes certain 
regions to copy number variation because 
of recombination between repeats (//) or 
proximity in the nucleus of nonrepeated 
sequences (/2, /3). The long-standing 
assumption of random, constant, and grad- 
ual mutagenesis is refuted by observations 
that mutations occur more frequently when 
cells are maladapted to their environments, 
together with the discoveries of mechanisms 
by which mutations are targeted to specific 
genomic structures, These modifications of 
the modern synthesis assumptions could not 
have been predicted or found without explo- 
ration of molecular mechanisms. 

Such a fusion of molecular mechanisms 
with evolution is needed because cancer and. 
infectious disease are evolutionary problems 
that could be attacked at the molecular level. 
For example, when a pathogen defeats a host, 
ithas won an evolutionary arms race with the 
host immune system; cancer, too, proceeds 
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by the generation of phenotypic variation 
and selection of those cells that are most fit to 
propagate (see the figure). Deep understand- 
ing of the mechanisms that generate variation 
at the molecular level invites the possibility 
of fundamentally new antipathogen and anti- 
cancer therapies: ones that block the ability 
to evolve, instead of (or in addition to) tradi- 
tional chemotherapies that kill cells or stop 
them from growing. For example, inhibitors 
of Hsp90 are succeeding as antifungal ther- 
apy adjuncts that block the development of 
resistance to standard drugs (/4) and are in 
trials as chemotherapeutic agents. Similarly, 
the heat shock response factor that regulates, 
Hsp90 has emerged as a promising therapeu- 
tic target in cancer (/5). Conventional cancer 
chemotherapies target the products of tumor 
evolution (such as DNA replication, altered 
cell signaling that promotes rapid prolifera- 
tion, or the release of factors by cancer cells 
that spur angiogenesis). “Anti-evolvability” 
therapies could potentially stem the torrent 
of generation of variation that creates all of 
the products of evolution, whether targetable 
directly by drugs or not, thereby blocking, 
the processes of tumor or pathogen evolution 
(see the figure). 

The evolutionary biologist Theodos 
Dobzhansky famously noted that “nothing 
in biology make: except in the light of 
evolution,” but perhaps, too, “nothing in evo- 
lution makes sense except in the light of biol- 
ogy." Although the latter might be an exag- 
geration, an important gap is being filled by 
molecular understanding of the genesis of 
variation that confers the ability to evolve. 


References and Notes 

4. 5 Lindquist, Cald Spring Harb Symp, Quon. il. 74, 
103 2009). 

2. AL). Gordon et al, LOS Bia. 7, «44 (2009), 

3. AA AlMamun eal, Science 338, 1344 (2012). 

4, E Sher, CA Fan, 8 Broach PLOS Gene. 9, «1003680 
or) 

5. RS. Binds, ME Crosby, P.M. Glazer, Cancer Metastasis 
ev 26, 249 (2007), 

6. A Gutierrez et a, Nat, Commun. 4, 1610 (2013), 

7. C Shee, |-L Gibson, $. 1. Rosenberg, Cel ep. 2, 724 
or). 

8. S.NikZsinal eta, Cll 149, 979 (2012). 

9. S.A Roberts ef al, Mo. Cll 6,424 (2012). 

10. ALB. Burns eta, Nature 498,366 (2013). 

1S. Giriajan C.D: Campbell EE Ekle, Annu Re 
Genet 4, 203 (2012. 

12. 5.De,F Michr, Not. Biotechnol 29, 1103 (2011 

13. G Fudenberg, G Get, M. Mayerson, LA. Miny, Mat 
Biotechnol. 29,1109 2011), 

14. LE Cowen, Cur. Opin, dcrabiel 16, 377 (2013). 

15. S.Santagata et al, Science 342, 1238303 (2023), 


‘Acknowledgments: Simulate by the Gordon Research 
Conference on Molecular Mechanisms in Evlutin, June 2013, 
Supparted by NIK Ovecta's Pioneer Aaa OPL-CAL7 4426 

and MI grants ROL-GMS3158 and RO1-CABS777 (SALA) and 
by NIH Director's New inavatorAnard0P2-00008371 (C0) 


10.1126/cence 1247472 


1089 


INTRODUCTION 


Going from 
Strength to Strength 


IN 1912, THE GERMAN PHYSICIST MAX VON LAUE PUBLISHED THE FIRST PAPER 
demonstrating x-ray diffraction from a crystal. This discovery, for which he was 
awarded the Nobel Prize in 1914, provided a window into the regular atomic 
arrangements within crystals. Today, the Cambridge Structural Database con- 
tains more than 600,000 structures of organic and organometallic molecules, 
‘many obtained through x-ray crystallography; the Protein Data Bank contains 
about 100,000 structures. The insights gained from these and other structural 
studies have revolutionized understanding of chemical and biological systems, 
leading to the award of 29 Nobel Prizes for scientific achievements related to, oF 
involving the use of, crystallography. 

In their Review (p. 1098), Howard and Probert highlight advances in studying 
single crystals of nonbiological molecules and materials. Novel approaches are 
helping crystallize unstable samples and mount them in the x-ray diffractometer 
without damaging the fragile crystals. Advanced x-ray sources allow structures 
to be obtained from smaller crystals and provide access to time-resolved data on 
chemical reactions within crystals. Crystals can now be studied at low tempera 
tures and high pressures, further extending the range of conditions and samples 
that can be structurally characterized. 

Garman (p. 1102) charts the history of structural biochemistry, from the initial 
report of x-ray diffraction from pepsin crystals to the recent characterization of the 
entire ribosome and of G protein-coupled receptors in different conformational 
states. She discusses the challenges of protein crystallization, which is increas- 
ingly automated. The vast majority of protein structures come from synchrotron 
beamlines, many of which now offer sample-mounting robots, microfocus beams, 
and the ability to collect supplementary (e.g, spectroscopic) data. Radiation dam- 
‘age may be overcome through the use of x-ray free-electron lasers. In a related 
Perspective in Science Signaling, Smerdon discusses the insights into the regula- 
mn of the kinase mTOR gained from protein crystallography 
Building on the success in obtaining static structures, Miller (p. 1108) dis- 
cusses efforts to capture atomic motions in crystals in real time. Very bright table 
top electron sources have been used to study photoinduced phase transitions and. 
photoinduced organic reactions. Time-resolved x-ray diffraction experiments 
are mainly performed at synchrotron light sources, although the development of 
tabletop instruments is under way. X-ray free-electron lasers offer exciting oppor- 
tunities for time-resolved studies, particularly of biomolecules 

Science’s News writers mark crystallography’s centenary with a timeline by 
Sumner (p. 1092) highlighting some of the field’s most celebrated discoveries and, 
advances. Service (p. 1094) describes researchers’ long quest for the elusive struc 
tures of the proteins that act as gatekeepers to cell membranes. Finally, in News 
Focus (p. 1072), Service reviews the Protein Structure Initiative, a major research 
program sponsored by the U.S. National Institutes of Health, and looks ahead to 
how its scheduled shutdown in 2015 could affect structural biology. 

ROBERT COONTZ, JULIA FAHRENKAMP-UPPENBRINK, MARC LAVINE, VALDA VINSON 
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Over the past century, x-ray 
crystallography has transformed 
‘scientists’ understanding of the 
‘structure and behavior of materials 


Braggs determine crystal 
structure of diamond 
s 


Powder diffraction 
analysis makes it possible to 
study small crystals. 


| Johannes Kepler speculates that snowflakes are 
hexagonal grids of water particles—a hypothesis that 
cannot be tested for centuries to come. 


490 1 
1895 GB i901 Physics 1912 GP rsra physics 
Witheim Réntgen produces Max von Laue creates a diffraction 
and measures x-rays. pattern by firing x-rays at a crystal of 
‘copper sulfate but cannot interpret it. 


Too SumiSonan SEtTUTON IAGHNESRIAGE RST So, posoee Tb noee FoNOATE 


John Desmond Bernal 
determines structure 
of graphite 


& 1946 Chemistry 
James Sumner demonstrates that any protein can be erystallized 


‘eerrninuatoce ermocTunese Sumi sence 2 PaSTUEN ALAN ENA) V ANOUNANSCIENCE 


@ 26a chemistry 1946 GB 1994 Physics 


Dorothy Hodgkin and First neutron diffraction 
colleagues determine structure experiments; the technique 

of penicillin, the frst complex provides 3D structures and 
‘molecule solved by x-rays, other details that x-rays cannot. 


(Cac GLOCRWEE POW TOP LER TEDIONOIANTSOENCE SCARCE 1 ELE ETRENA SEL De 


| uses 
| tay difraction to image 
1912 | | DNA and suggests it has 
1915 Physics a helical structure. 
William Henry Bragg and his son William | @ 1962 
Lawrence Bragg publish Bragg’s law, the Physiology or Medicine 
key to using diffraction to infer crystal structure. F-Crick, J. Watson, 
and M. Wilkins 
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Grazing-incidence optics 
paves way for modern 
xray studies. 


) Bi 962 chemistry 
John Kendrew and 
Max Perutz determine 
first protein structures, 
of myoglobin and 
| hemoglobin. 


‘The first synchrotron x-ray sources open, protucing brilliant 
‘rays for detailed crystallography research. 


‘ ‘Tomato bushy stunt virus is imaged—the first viral 
1976 structure mapped at atomic level 
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1984 @P1s88 chemistry 
Researchers solve structure of 
photosynthesis reaction site 


LZ @ 2011 chemistry 
Scientists observe first 
quasicrystals, strange 
materials whose atoms 
follow an ordered but 
nonrepeating pattern 


Time-resolved 
crystallography reveals 

action mechanisms of rapidly 
changing molecules 


‘Automated protein 
crystallization, Number of 

structures in the Protein Data 
Bank grows from 507 in 
1990 to 97,480 in 2014. 
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LUUU @ 2003 chemistry 


Protein Structure 
Initiative begins 
(see News Focus, 
in this issue). 


Scientists solve structure 
ofa ribosome, cells’ 
protein factory. 


“Robotic beamlines” 
start to speed sample 
analysis at x-ray sources. 


ofluidic chips 
promise ta boast 
automated protein: 
crystal growing, 


Curiosity Mars raver performs first 
x-ray erystallography on another planet 


Crystallography yields a detailed 
picture ofthe protein that HIV 
uses to invade immune cells. 
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The tiny purple crystals, glistening within 
a translucent, fatty gel, signaled that Ehud 
Landau and Jtirg Rosenbusch had made 
headway on one of the toughest problems 
in x-ray crystallography. To map a pro- 
tein’s atomic structure using x-rays, crystall- 
‘ographers have to coax its molecules to align 
themselves in crystals, like soldiers in per- 
fect formation. That’s difficult enough for 
ordinary proteins, which are complex, flex- 
ible molecules. But the membrane proteins 
that straddle the cell’s surface and control 
the chemical traffic in and out are an even 
bigger challenge. Nestled within their normal 


protective environment, membrane proteins 
are stable and well-behaved, But take them 
out to try and get them to line up, and the task 
is like herding cats, 

Two decades ago, Landau, a chemist then 
at the University of Basel in Switzerland, 
thought the answer might lie in a curious mix- 
ture of fatlike molecules called lipids, blended 
with water and other compounds. The con- 
coctions spontaneously form 3D_ shapes 
called the lipidie cubic phase (LCP), and 
Landau hoped they could serve as a synthetic 
cell membrane to keep the membrane pro- 
teins happy outside cells, He and Rosenbusch, 


a structural biologist also at Basel, tested 
the scheme with a purple membrane protein 
known as bacteriothodopsin (bR), found in 
halobacteria, The plan worked, The result 
was the 50-micron-wide bR crystals—and, in 
the years that followed, a mini-explosion in 
membrane protein erystal structures, 
Membrane proteins may be the most 
important molecules in biology. These 
enzymes, receptors, channels, and trans- 
porters account for more than half of the 
targets for all pharmaceutical compounds 
con the market, And LCP has been essential 
for understanding them. “It’s been magical 8 
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crystal power. Crystalizing proteins such as bacterio- 
thodopsin is key to solving their atomic structure. 


for us,” says Wayne Hendrickson, a protein 
crystallographer at Columbia University, 
‘who has recently used the technique to solve 
two membrane protein structures. 

But getting the LCP mixtures right and 
handling them is tricky. After their first 
glimpse of those purple bR crystals, it took 
Landau and Rosenbusch several more years 
of tinkering before they could nail down the 
first high-resolution structure of the protein 
(Science, 12 September 1997, p. 1676). Now, 
however, thanks to decades of painstaking 
‘work by a small band of researchers, the tech- 
nique is beginning to hit its stride. 


Fits and starts 
LCP wasn't the first technique that erystal 
growers used to enforce order among mem- 
brane proteins. Nor is it the most common 
approach even today. Both of those honors 

4, 20 to a technique that uses soaplike deter- 

= gents to purify membrane proteins and get 

& them out of cell membranes, a necessary step 
for getting them to crystallize, 

{Detergents contin two diffrent kinds of 

% compounds joined at the hip. On one end are 

8 hydrophilic groups, which readily associate 

E with water. On the other end are fatty hydro- 

& carbon chains. Dump the detergents into 

§ wate in the sight conditions and they form 

§ micelles, tiny spheres with the hydrophilic 

§ portion facing out into the water and the fatty 
hydrocarbon tails pointing inward to mini- 

§ mize their interaction with water. When lipid 

© molecules, which have different hydrophilic 

groups linked to hydrocarbon tails, are added, 
the mix can form “bicelles” shaped like tiny 
disks made from a combination of the lipids 
and detergents, all with their hydrophilic por- 
tions facing out into the water. 

‘Membrane proteins also typically con- 
tuin one portion that prefers to associate with 

fatty membrane molecules, and two others 

i that gravitate to the watery environment out- 
side or inside the cell, So if you toss a mem- 

brane protein into a solution with micelles or 

bicelles, the water-fleeing portions of the pro- 
tein will wedge themselves into the friendly 
confines of the hydrocarbons, stabilizing 
their structure. Add millions of copies of the 
same membrane protein, and if you're 
lucky they will all orient them- 
selves the exact same way, 

making it possible for 

them to pack into an 

© orderly crystal. . 
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‘That strategy works in some cases. But 
often it goes spectacularly wrong, Sometimes 
the detergents are too harsh and rip apart the 
proteins. The tightly curved spherical micelles 
can wrench the proteins out of their normal 
shape, and subtle temperature differences can 
wreak havoc with bicelles, 

Back in 1992, Landau thought LCPs might 
be a gentler option. LCPs have a gradually 
curving framework that arranges itself into 
a 3D grid surrounding a network of watery 
channels (see figure, above). Landau and 
Rosenbusch hoped the LCPs’ combination 
of the lipid framework and watery channels 
‘would keep both parts of membrane proteins 
happy and the 3D grid arrangement might 
help orient them all in the same direction, 

But LCPs “can be a hassle to work 
with,” says Martin Caffrey, an LCP expert 
and membrane protein crystallographer at 
‘Trinity College Dublin. LCP is a clear goop 
with the consistency of toothpaste, Caflrey 
explains. While crystals can simply be fil- 
tered out of liquid detergent solutions, find- 
ing nearly invisible flecks of protein crystals 
inside the LCP isa real pain. The BR crystals 
‘were an exception: Their bright pinkish pur- 
ple color made them stand out. “I was 
extremely excited,” Landau says 
of the day in 1995 when 
he first spotted the 
tiny neon 
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Shapely. Ina lipidic cubic phase structure, lipid molecules form a hollow framework (right that extends to 
form a 3D grid around water channels (ef, purple and blue) 


crystallites. “It was obvious to me that our 
concept had worked.” 

Of course, Landau and his colleagues still 
didn’t have a structure, And their next prob- 
Jem was the x-ray beams produced by syn- 
chrotrons, These stadium-sized machines fire 
a staccato burst of densely packed x-rays at 
their targets. By tracking the Way the x-rays 
diffract off their target, researchers can deduce 
the atomic structure of the material, 

‘The trouble was that the LCP-grown bR, 
crystals were significantly smaller than those 
produced in detergent micelles. Most syn- 
chrotron beams at the time were 100 microns 
across, or more—twice the width of the BR. 
crystals, That meant that most of the x-rays 
in the beamline would whiz right by the BR. 
crystallite and contribute nothing to the dif- 
fraction pattern. 

‘Then fortune smiled: The newly built 
ESRF synchrotron in Grenoble, France, 
hhad just opened its first microfocus beam- 
line for work on just such tiny crystals. 
Landau and Rosenbusch applied for time 
on the beam, got it, and quickly nailed 
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down a crisp diffraction pattern for the pro- 
tein, “This was an extraordinary break- 
through,” Caffrey says. 

‘The question was whether the approach 
would work for other membrane proteins, 
‘Through the late 1990s, Rosenbusch, Landau, 
and others produced a string of successful 
x-ray structures with other colored membrane 
proteins, such as the greenish photosynthetic 
reaction center. “After that it got quiet,” 
Calffey says. Growth conditions that produce 
protein crystals in LCP invariably trap myr- 
iad tiny bubbles in the gel as well, making it 
even harder to pick out the crystals, if they 
‘were there at all 

Caffrey, then at Ohio State University, 
Columbus, set out to speed things up. In 2000, 
he and Vadim Cherezov, a postdoc, set about 
inventing new tools to speed the discovery of 
crystals in LCP. One was a “sandwich plate” 
that squished blobs of the clear goop between 
two glass plates, to make crystals easier 
to spot under a microscope. Another was a 


tute. There he met Raymond Stevens, 
a renowned structural biologist. After 
inviting Cherezov to give a seminar on LCP, 
Stevens asked him to join his group. 


‘Something that no one has ever seen” 
‘The new landing spot was an ideal fit. At the 
time, Stevens was collaborating with Brian 
Kobilka, a biochemist at Stanford Univer- 
sity, on attempts to crystallize membrane pro- 
teins known as G protein-coupled receptors 
(GPCRs). GPCRs are one of medicine’s most 
important sets of membrane proteins, as they 
transfer chemical signals from outside cells, 
to G proteins inside cells. The G proteins, in 
‘tum, launch a variety of molecular dominoes 
that govern everything from your heart rate to 
your sense of smell. 

By the mid-2000s, Kobilka had managed 
to grow crystals of a GPCR known as the 
2 adrenergic receptor ((§2-AR)—a cell- 
signaling component involved in everything 
from heart muscle contraction to digestion — 
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robot that automated the mixing of different 
lipids, salts, and buffers needed to crystallize 
each protein, 

Despite a couple of years of rapid prog- 
tess, LCP efforts nearly ground to a halt 
again in 2003 when Calfrey was recruited 
away from Ohio State to form a group dedi- 
cated to LCP and membrane protein crystal- 
lography at the University of Limerick, in his 
native Ireland. U.S. science funding agency 
rules stated that Caffrey was unable to take 
his robot and other equipment that had 
been paid for by U.S. taxpayers. Cherezov 
faced an uncertain future as well. But things 
took a welcome turn when Cherezov went 
to San Diego, California, to visit a friend 
‘who worked at the Scripps Research Insti- 


in conventional lipid micelles. But the crystals 
‘were poor and didn’t diffract well, Kobilka 
says. Like many other membrane proteins, 
2-AR is a Janus molecule. The part that 
prefers to nestle within the fatty membrane 
usually keeps an orderly and stable struc~ 
ture, But the section that protrudes into the 
‘watery surroundings flops around like a flag 
in the wind. Kobilka’s lab was struggling to 
find ways to stabilize those floppy portions 
to ensure that all copies of the protein lined 
up in the same manner inside a crystal. The 
researchers gotpartway therebyadding copies 
of an antibody that grabbed part of the floppy 
portion of the B2-AR and held it in place. 
‘Then they grew the protein-antibody com- 
plexes in bicelles. The result, published in 


Nature, was 
cone of the first 
crystal structures 
ofa GPCR, The erystal 
diffacted to 3.4 angstroms, a 
‘esolution that reveals most of the 
protein’s amino acids. 

In hopes of seeing even more detail, 
Kobilka and colleagues tried another tack. 
‘They clipped off a particularly unwieldy 
portion of B2-AR and replaced it with an ¢ 
orderly protein called T4 lysozyme, and £ 
‘grew those hybrids in bicelles, This got them = 
crystals that diffracted to 4.2 angstroms, 
So they sent a batch of these hybrid mem- 
brane proteins to Stevens's lab. After a few £ 
months spent optimizing the LCP conditions, i 
‘Cherezov produced high-quality crystals, and é 
the researchers took them to the microfocus 
beamline at the Advanced Photon Source at § 
Argonne National Laboratory in Illinois. The 3 
result was a 2.4 angstrom resolution struc- 2 
ture (Science, 23 November 2007, p. 1258), § 

3 
z 


which Science named one of its top 10 break- 
throughs of the year. a 

Next, Kobilka wanted to see if he could % 
get the structure of a GPCR bound to its | 
G protein mate, which would show the 2 
GPCR’s conformation in its “on” state. But § 
Stevens, and his postdoc Cherezov, wanted 3 
to explore the broader landscape of GPCRs; § 
humans alone have an estimated 800 variet- Fy 
ies. So Kobilka teamed up with Cherezov’s 
former mentor, Caffiey. The G protein tured 2 
out to bea behemoth, roughly twice as big as 
the GPCR. That made it too big to fit into § 
the S0-angstrom-wide watery channelsinthe 3 
LCP, Kobilka hoped to find a way to make 4 
the channels bigger. 

Back when Caflrey was at Ohio State, he 
had experimented with dozens of different 
lipids, charting their effect on the shape and 
size of the LCP network, He told Kobilka 
he thought they could widen the channels 
by replacing the conventional lipid in LCP, 
known as monoolein, with a shorter chain 
lipid known as 7.7 MAG. 

Caffrey was right. In 2011, using 7.7 MAG 8 
for their LCP, along with other changes, 8 
Caffiey, Kobilka, and their colleagues were 2 
able to get erystals of the complex and work & 
out the structure, “There have been three to 2 
four times in my career where I have seen 8 
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something 
that no one has 
ever seen before, It was 
very exciting,” Kobilka says. 
Caffrey agrees. “It was an extraordinary 
achievement,” he says of Kobilka’s structure 
of the complex, which helped eam Kobilka a 
share of the 2012 Nobel Prize in chemistry. 
“The cubic phase was just part of it, but an 
important part.” 

LCP’s success has been equally important 
for Stevens. In collaboration with Cherezov, 
who has since moved into his own faculty 
position at Scripps, Stevens's lab has now 
solved 16 of the 24 GPCR structures com- 
pleted to date, The collection now represents 
four of the five major families of GPCRs, 

Stevens, Cherezoy, Caflrey, and others 
recently made another leap forward when 
they adapted a beamline at the free-electron 
laser (FEL) at the Center for Free-Electron 
Laser Science in Hamburg, Germany, to 
solve structures of LCP-derived crystals 
of membrane proteins with unprecedented 
efficiency (Science, 20 December 2013, 
p. 1521). FELs represent the latest in syn- 
chrotron technology, able to produce x-ray 
beams that are tighter and pack more than 
[billion times more photons into a given area 
than ever before, The beams are so power 
ful, in fact, that they vaporize crystals as soon. 
as they hit them. But because the x-ray pho- 
tons are traveling at the speed of light, they 
still manage to diffract well before the slow- 
moving atoms in the crystal explode outward. 

The trick is zapping enough crystals to 
build up sufficient data to solve a protein’s 
structure. In 2011, researchers led by Henry 
Chapman at the Center for Free-Electron 
Laser Science and Petra Fromme and Uwe 
Weierstall at Arizona State University, Tempe, 


Gatekeepers. Membrane proteins cantral the 
chemical traffic into and aut of cells and account 
{for more than half of all drug targets. 


had designed a device 
for injecting detergent 
laden with membrane protein 
crystals into an FEL beamline and 
showed the setup produced enough 
diffraction data for the team to solve the 
structure of an abundant membrane protein, 
But the technique was a huge waste of erys- 
tals. FEL beamlines don’t shine a continuous 
beam of x-rays. Rather, they send them in 
dense packets 120 times a second. In between 
those bursts is essentially dead space that pro- 
duces no data. To ensure that the x-ray bursts 
would hit enough crystals, Chapman’s team. 
had to spray in a steady stream of the deter- 
gent-and-crystal mixture, The x-ray packets 
hit only about one crystal in 10,000: the oth- 
ers produced no data, “It’s hugely wasteful” 
and thus can’t be used with most membrane 
proteins, which can be harvested only in tiny 
amounts, Cafliey says. 

The LCP aficionados asked Fromme and 
her injection-builder colleagues to remake 
their injector to work with the LCP gel. A 
redesign worked. When the thick LCP goop is 
pushed through a tiny injector nozzle, it forms 
‘continuous “stream” at a much lower veloc- 
ity than the previous liquid stream, much as 
toothpaste emerges from a tube more slowly 
than a jet of water from a hose. The result 
‘was that far more crystals were hit by x-ray 
packets and the crystal losses were reduced 
between 100- and 1000-fold 
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That triumph 
should help LCP’s successes 
continue to rollin. Cherezoy notes that in the 
past 2 years, structural biologists have solved. 
more than 25 unique membrane protein struc- 
tures with LCP—more than in all previous 
years combined. LCP-aided structures now 
account for 25% of all solved membrane 
structures, a fraction that is growing rapidly. 
That doesn’t mean the membrane protein 
crystallography challenge has been solved. 
“LCPis nota panacea,” as it still doesn’t work 
with some of the larger protein complexes, 
Cherezov cautions. But clearly, Stevens says, 
the logjam has broken, “For single membrane 
proteins, for the most part, if we want to get a 
structure we can get it,” he says. With drug- 
makers now turning to membrane protein 
structures to identify novel targets for new 
classes of drugs against everything from pain 
and depression to heart disease and migraine 
headaches, LCP’s success may soon make a 
difference in millions of peoples’ lives. 
ROBERT F. SERVICE 
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REVIEW 


Cutting-Edge Techniques Used for 
the Structural Investigation of 
Single Crystals 


Judith A. K. Howard and Michael R. Probert® 


X-ray crystallography has become the leading technique for studying the structure of matter at 
the atomic and molecular level. Today it underpins all sciences and is widely applied in industry, 
It is essential in the development of new materials. The technique is very powerful, and the 
range of materials that can be studied expands as new technologies evolve and are applied in 
innovative ways to structure solution. It is now possible to record vast amounts of diffraction 
data in seconds electronically, whereas it took days and months by photographic methods 

30 to 40 years ago. Single crystals can be created in various ways; they can be produced from 
‘compounds that are liquids or gases at room temperature, and complete molecular structures 


‘an be presented within minutes. This short review presents recent developments that are 
appropriate to the single-crystal x-ray studies of chemical and materials sciences. 


xe of the most important scientific tools 
O: coe fom he 20 coy ty 
crystallography. Because the chemical 
and physical properties of a material depend 
on its structure, the three-dimensional results 
rived from a crystallographic study are of enor- 
‘mous importance in the overall characteriza- 
tion of any new material. In recent decades, this 
technique has also rvolutionized the understanding 
of molecular biology. The centenary celebrations 
in2013 for the ground-breaking discoveries of 
W. H and W. L, Bragg (J) provide an appro- 
priate point to look at the modem techniques in 
use today, This short review will concentrate on 
single-crystal x-ray diffaction methodologies, efr- 
encing new instrumentation, sources, and computa- 
tional tools. We will assume a asic understanding 
of the single-crystal method and refer the novice 
reader to some introductory texts on the xray ex- 
periment for collecting diffraction data (2, 3) 
Xcray crystallography experiments have trae 
ditionally required single crystal; today, however, 
there are pioneering studies in the use of multiple 
cenystals (4) with methodologies and programs to 
interpret data recorded from twinned or multi- 
crystal samples (5) Samples are no longer required 
to be crystalline and stable at room temperature, 
and many single erystals have been grown from 
Tiguid by controlled variation ofthe temperature (6) 
or the careful application of pressure (7) (Fig. 1) 
‘We shall start by describing some methods for 
crystallization, linked to the appropriate instru- 
‘mentation, followed by further instrument and 
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xeray source developments, and finally explore 
new computational methods. 


Crystallization and Crystal Mounting 
‘Crystals can be grown in the laboratory from so- 
lution, by evaporation ofthe solvent, by cooling, 
‘and by balanced-<iffusion experiments. The sin- 
gle crystal required for a diffraction study is se- 
lected by visual inspection, normally under an 
‘optical microscope, from the batch of crystals 
grown, This crystal is then mounted and sup~ 
ported rigidly during the collection of three- 
dimensional diffraction data. All crystals are 
mounted, by various means, onto a goniometer 
head (Fig. 2), device with at least three degrees 
of freedom that allows the crystal to be centered 
in the x-ray beam. Many methods have been de- 
‘veloped for mounting crystals that ean be handled 
in more or less ambient conditions in preparation 
for the x-ray experiment. Of particular note is the 
use of perfluorinated oils, which has facilitated 
fast, reliable mounting of unstable, as well as 
routine, samples. In this approach, crystals are 
“fished!” from the mother liquor into an oil-filled 
fiber loop, and thus are suspended in the inert ol 
‘This method is much easier than the previous one 
of sealing crystals inside thin-walled glass cap- 
illay (Lindemann) tubes. The older method, using 
Lindemann tubes, is still employed ifthe sample 
‘exhibits rapid decomposition through solvent loss. 
‘This method allows local positive pressure ofthe 
crystallization solvent to be created, by sealing 
the tube with the crystal and a drop of the solvent. 
‘Crystal mounting techniques are still being devel- 
‘oped using ever-more exotic materials, such as 
‘graphene, to reduce background during the dif 
faction experiment. 

(Crystallization from the melt ofa material, by 
zone refining—a localized heating method—has 


‘been employed successfully in producing large 
single crystals for use as semiconductors—for 
‘example, in the electronics industry (8). On a lab- 
‘oratory scale, zone refining is usefil when dealing 
‘with materials that have low melting points and 
‘exist as liquids at room temperature (9), The lab- 
‘oratory methods used for the growth of crystals 
fom liquids are outlined below. Ifthe crystals are 
to be grown from liquids by cooling or by pres- 
sure, then the container in which the crystal growth 
takes place is also the mount used forthe crystal- 
lographic characterization. When crystal growth is 
to be controlled by temperature, the pure liquid is 
sealed in a short capillary tube that is mounted in 
‘metal holder and attached to the goniometer head 
(Fig. 2, inset), This assembly is then placed onto 
the diffractometer (Fig. 2), the instrument for 
conducting the diffraction experiment, and the 
‘growing procedure can begin, The contents of 
the capillary are cooled well below its melting 
point to give a microcrystalline sold ora glass; the 
temperature is then raised to just below the melt- 
ing point, and the process of zone refining be- 
«gins. This requires carefully controlled temperature 
changes to produce successive melting and cs 
tal growth, The smallest erystals are melted frst, 
and the larger erystals that persist can then act as 
seeds for the next round of erystal growth, This 
process is iterated until a suitable single crystal 
has been achieved. The task requires considera- 
ble skill and patience, but the results are most 
rewarding. The introduction of the optical heat- 
ing and crystallization device (OHCD) (10), a tar 
‘goted laser that allows highly localized heating 
hile the rest of the sample remains below the 
melting point, improved success rates in this 
field. It successfully removed much ofthe chance 
present in the more primitive methods, which al- 
lowed nly those with “gifted hands” to produce 
dlifraction-quality crystals fom liquids. Many lab- 
‘oratories now use these methods, producing novel 
and impressive results, Producing crystals in situ, 
‘which may take several hours of optimization, ro- 
quires careful control of conditions to give a suit 
able crystal for diffraction. 

Crystal growth from liquids ean also be ini- 
tiated by the application of pressure; this is usual- 
ly achieved inside a diamond anvil cell (DAC) 
(ZI) (Fig. 3), The approach used is similar to the 
‘one described above, whereby the conditions are 
carefully controlled around the sample's melting 
point, In this case, however, the liquid is pres- 
surized into a solid state, either microcrystalline 
‘ora glass, and then the pressure is contolled around 


suitable crystal can be grown successfully, the 
diffraction experiment must then be carried out 
‘with the crystal inside the DAC under the con- 
ditions in which it was created, often with pres- 
sures exceeding several thousand atmospheres. 
‘This method can result in the creation of a differ- 
cent polymorph from that obtained on cooling (1), 
‘Changes in the protocol for pressurization on the 
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same sample can also induce different polymor- 
phic forms, which cannot be achieved through 
other methods. There is an unexplored world of 
crystalline forms waiting to be discovered 
through careful control ofthe sample environment 
using modem techniques. DACs can produce 

pressures up to 
to simulate pressures in the mantle and in Earth’s 
interior (13), but these pressures are rarely 
approached in chemical studies, because 
sive pressure destroys the single crystals grown at 
more moderate pressures. 

Crystal growth under nonambient con- 
ditions of pressure or temperature has 
‘opened up areas of chemistry in which 
the only methods for structure charac- 


extremely sological scales 


terization previously were the various sup- 
porting spectroscopies. In addition, it has 
led to the discovery of novel polymorphs, 
some of which had been suggested by 
structure prediction software (/4), a field 
that has recently blossomed with the ad- 
vent of powerfull modem computers. Re 
cent work, attempting to grow cocrystals 
from combinations of two liquids, has also 
revealed a further route to undiscovered 
polymorphs, in cases where only one of 
the individual components crystallizes 
rather than the expected cocrystal (I), 


X-ray Sources and Detectors 
nt advances in both detector tech- 
xy and x-ray sources have greatly 
contributed tothe ongoing revolution in 
crystallography, Sources and detectors 
are intimately combined with the meth- 
ods and instrumentation and, therefore, 
are synergic with developments in the 
fied, Enomously brighter x-ray sources 
beter, str detection; and advanced crys 
tallographic sofiware all enable and cn: 
courage innovative experiments and novel 
instrument development, The global erys- 
tallographic community and commer- 
cial companies work close 

that innovative ideas become affordable 


to ensure 


instruments or devic 


Xray Sources 
Scaled tube x-ray sources were the com 
mercially available laboratory standard 
until the early 2000s with diffractom 
eters being equipped with either a cop 
perora molybdenum metal argc (anode) 
‘These metals produce x-radiation of 
mean wavelengths 1.5406 and 0.7107 A, 
respectively, and are operated ata power 
of 16 to 3 KW. Other metal ti 

(Se, Ti, Cr, Mn, Fe, Co, Ca, Mo, Rh 
Ag, Gd, W, Au) have become available, 
but are mich fess common and are wed 
for more specialized experiments rang- 
ing from single-wavelenth anomalous 
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diffraction (SAD) phasing to high-resolution, high- 


pressure studies. Rotating anode generators were 
developed (16) to increase the incident flux at the 
sample, enabling much smaller crystals to be ana- 
lyzed by x-ray diffraction, The increase in power 


\was made possible by spreading the heat load on 
the anode. In thes 
ina vacuum and is intemally cooled with water. Ro- 
tating anode generators, providing high: brilliance 
laboratory sources, are now in demand in all arcas 


of crystallography, allowing the study of exotic ma 


generators, the anode rotates 


Fig. 1. Precession photograph image and molecular structure 
of benzene (28). 


Fig. 2. A modern dual-source, three-circle diffractometer, with 
large CCD area detector. Goniometer head (inset) allows the 
crystal to be positioned accurately at the center of the instrument for 
data collection, 
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terials where crystal size is limited (17), Microfocus 


optics using multilayer components to facus the 
‘eniys, wer indice ino laboratory sources more 
than 10 years ago, but only more recently have they 
been available in reliable and affordable formats 
({8) and been used routinely by instrament ma 
facturers fr the three most common targets, Cu 
Mo, and Ag. The optics are incredibly efficent and, 
coupled to the latest generation of x-ray tubes al- 
low high x densities tobe achieved ata fraction 
of the power of traditional sources («50 W com 
pared to >6 kW), having a major environ- 
mental impact on laboratory energy 

In the latest high-intensity laboratory 
sources, designed forthe study of excecd- 
ingly small crystal samples, the conven- 
tional sold metal anode has been replaced 
by a liquid metal jet, thus removing the 
cooling previously required for the anode 
to be maintained at temperatures well be- 
lows its meting point. The liquid metal 
alloy can support higher electron beam 
povver density than a sold anode, and ean 
therefore generate a much higher x-ray 
flux. The latest commercially available 
system uses aliquid galiumerich (~90%) 
alloy, coupled with a LaB, cathode, pro- 
ducing an x-radiation of wavelength 

1.34 A. Future developments ofthis tech- 
nology are expected to expand the mum- 
ber of available meal alloys for different 
swavelength applications (19), 

The advent of synchrotron radiation 
for dedicated use as a high brilliance 
reray source in the 19608 is now part of 
our history, but previously there hal been 
some partic use of faites that were 
designed primarily for the high-energy 
physics community (20). There are now 
more than 40 lage synchrotron facilities 
across the work, and erystallographers 
fare mujor users of these facilities. Data 
collection strategies for chemical and 
materials crystals are generally less com 
plicated than for protein samples, but the 
infense beams can cause substantial ri- 
diation damage to the crystals, and new 
protocols have been devised to reduce this 

‘The most recent advance in the area 
of x-ray sources is the development of 
sey ffec-electron laser (XFEL) facili 
ties, which provide shor, intense, coher- 
ent femtosecond x-nty ser pulses with 
intensities that are many times higher than 
in curent-genemtion synchrotron sources 
‘The short wavelength (<1 A) and pulse 
lengths provide, rom 200 down to 30, 
will be appropriate to study fist chem 
ical reactions, which are too rapid to be 
captured by other methods, The Linac Co- 
herent Light Source (LCLS) at SLAC 
Stanton began operation in 2009, SACLA, 
at Spring § became operational in 2012, 


7 MARCH 2014 


1099 


‘Crystallography at 100 


te 
HES vewscioncemagora/special/rystallography 


‘and the European XFEL at DESY (Hamburg) will 
be online in 2015 (2/). Very recent experiments 
‘on photosystem II at the LCLS (22) show what 
can be achieved with XFEL. The emergence of 
such sources offers very exciting challenges for 
the future, requiring extremely fast processing 
and management of vast amounts of data that 
cach experiment will produce on every structure 
to be studied at these sources in decreasing quanta 
of experimental beam time. It may, for example, 
be possible to trigger chemical or biological 
reactions inside the crystals during their diffraction 
experiment. Another challenge lies in merging 
and interpreting data from many crystals that may 
not all behave in exactly the same way. 


Detectors 


‘As x-ray sources became brighter, detector tech- 
nology necessarily moved in parallel. Huge changes 
in experimental procedure followed the introduction 
of charge-coupled devices (CCDs) into laboratory 
diffractometers in the 1990s. CCDs, the technol- 
ogy in many digital cameras, allow diffacton im- 
ages from large phosphor sensors to be rapidly 
reconded, decreasing the time required for a stan- 
dard diffraction experiment fom days to hours. 
‘The previous state-of-the-art required each re- 
flection in a diffraction pattern to be measured 
individually with a single point detector. Area de- 
tectors had been in use for some time in neutron 
diffraction studies (23), but only a limited num- 
ber of protein laboratories were using them for 
x-ray studies, before the increased demand by 
the new synchrotron beamlines and subsequent 
investment in laboratory infrastructure in chem- 
istry and materials science departments. Since 
then, new developments have brought faster, mone 
sensitive, more reliable detectors with no moving 
parts into the laboratories and onto facilities 
beamtines. The latest developments have intro- 
daced solid-state detectors, which allow direct 
photon counting, continuous readout, and time 
ging of the detector itself (24). Each subsequent 
development has enabled experiments that were 
not feasible with the previous generation, up to 
the present time where entire diffraction data sets 
‘can be collected in a matter of seconds 

‘The demands of XFEL will drive the next 
‘generation of fast x-ray detectors and the software 
to process the vast amounts of data reconded. The 
detectors and software will bring us closer to the 
realization of real-time studies of chemical and 
biological processes, where subsequent experiments 
can build up direct observations of these events. 


Crystallography at Low Temperatures 
and High Pressures 

Routine, low-temperature laboratory data collec 
tions were unusual until the 1980s, by which time 
‘only 4% of datasets in the Cambridge Structural 
Database (CSD) (25) were shown to have data 
reconded below room temperature. This has risen 
to 44% of all structures deposited since 1980; 


taking deposits since 2000, this mumber rises to 
57%, The introduction of cooling the sample by a 
stream of cold gas (26) expanded the range of 
‘samples that could be studied routinely, allowing 
sir-sensitive samples to be mounted in inert oils, 
‘which freeze on cooling. It also enabled the col- 
lection of crystallographic data from radiation- 
sensitive crystals (27), The reduction in thermal 
motion and diffuse scatering, the increase in the 
‘amount and quality ofthe data, and the stabiliza- 
tion of sensitive samples are all recognized ad- 
‘vantages of low-temperature studies (28), The 
decrease in thermal motion not only improves 
standard diffraction dats quality, but also enables 
the collection of high-resolution data. These data, 
‘enable structural studies to move beyond the de- 
termination of atomic positions and allow the in- 
vestigation of a material's full electron density 
(29-3/), resulting in a greater understanding of 
its electronic characteristics and physieal properties. 
Inaddition, itis possible to study subtle structural 
changes by recording data sets over a wide tem- 
‘perature range. This is of particular interest when 
structural phase changes can be correlated to the 
ssample’s macroscopic properties. Understanding 
the link between the molecular structure and the 
property of a material is a fundamentally im- 
portant aspect of today’s multidisciplinary studies. 
A number of cooling devices are available for 
‘use with single-crystal diffractometers, depend- 
ing on the temperature range required. The most 
‘commonly employed device uses a cold inert gas 
stream, usually nitrogen, which is directed onto 
the crystal throughout the experiment to maintain 
‘a sot temperature. This temperature can be varied 
at controlled rates across the range of the device— 
for example, ffom ~80 to ~500 K for modem open- 
flow nitrogen systems, These devices are highly 


Diamond 


successfull and the most common in crystallog- 
raphy laboratories across the world, There are 
also open-flow systems that use helium gas as 
the erystal coolant (32), providing a temperature 
range from 15 to 300 K. These devices are less 
widely used owing to cost of operation, but have 
the great advantage of allowing access to the sub— 
liquid nitrogen temperature range (below 77 K). 
Cooling to ultrlow temperatures requires a di 
ferent approach, as open-flow technologies cannot 
‘access this region. A desire to understand funda 
‘mental solid-state physics phenomena that occur 
only at these very low temperatures gave rise to 
the development and use of closed-cycle cryo- 
refrigerators (CCRs), where the sample is cooled 
‘by conduction and thermally isolated under vac~ 
‘uum. The use of these systems has not been large 
‘outside of central facilities, but these are enormous 
ly powerful instruments, providing unique access 
to this temperature regime (33). CCRs impose 
‘some experimental constraints due to their size, 
but allow specialized experiments to record ac- 
curate, high-resolution, x-ray data over a very 
‘wide temperature range—for example, 2 to 300 K 
‘when using three-stage clased-cycle He gas cryo~ 
reffigerator. The instruments are not available com- 
‘mercially; they are expensive and time-consuming 
to build, but uniquely powerful for determining the 
three-<dimensional structure of materials at very low 
temperatures and for studying phase changes that 
relate to important macroscopic properties, such as 
‘molecular superconductivity and magnetism (34), 
DACs, mentioned previously, are most com- 
‘monly used for high-pressure studies of materials 
that ane crystalline under ambient conditions. They 
‘enable the elucidation of structure evolution under 
‘pressure variation, analogous to the investigation of 
structural modifications that accompany changes 


medium 


Fig. 3. A diamond anvil cell (DAC) (top Left) capable of pressures >100 kbar, with operational 


‘schematic (below). 
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in physical, optical, electrical, or magnetic proper- 
lies that are followed today over wide temperature 
ranges (28). Unfortunately, the data that can be 
recorded in a high-pressure experiment using DACS 
are restricted, because the cell body obstructs 
the difftucted x-ray beams. Modifications to the 
original DAC design alleviate some of these 
problems (35), but the diamonds and the bulky 
superstructure of the cells themselves create an 
‘obvious physical limitation. In most high-pressure 
experiments, tiny nuby chip is enclosed with the 
‘crystal and its hydrostatic medium inside the small 
‘gasket of the cell (Fig. 3). This is used to determine 
the pressure within the cell, as the changes in the 
fluorescence spectrum of ruby with pressure have 
‘been extremely well calibrated. Data reduction 
requires careful attention because there are strong 
reflections from the diamonds and scattering from 
the cell body materials. This has driven the devel- 
‘opment of programs to apply “masking” to the 
data set and to correct the data adversely affected 
bby the DAC scattering or diamond reflections (36), 
A portable, moderate quartz pressure cell (QPC) 
hhas been designed that uses a moderately thick- 
walled quartz capillary tube as the pressure cham- 
ber to contain an optically visible crystal and to 
enable single-crystal data collection at pressures 
of up to I kbar created by the application of gas 
or liquid (37). The use of a gas to apply the pres- 
ssure also enables the investigation under non- 
ambient atmospheres (38-40). The QPC system 
thas operational and data-reduction advantages over 
the DACs, but in a limited pressure range, albeit 
‘one that fills the gap between ambient pressure and 
the lower range of DACS for single-crystal samples, 

‘These experiments have led to the full char- 
acterization of materials that exhibit abnormal be- 
havior upon the application of pressure, such as 


300k 


negative compressibility, and also enable the mon- 
itoring of pharmaceutical active ingredients under 
the moderate pressure conditions used during tab- 
let formulation, 


Photocrystallography 
‘There is considerable scientific and industrial in- 
terest in this area of structural chemistry, which 
aims to determin the fall hree-dimensional struc- 
ture of photoinduced species in order to under- 
stand the molecular and macroscopic properties 
‘with respect to the ground state and excited states 
of the material, Mapping often subtle structural 
changes induced by light, heat, pressure, magnet- 
ism, and clectrc current with respect to time is 
fimdamentl to our understanding of reaction mech- 
anisms, but achieving this in the solid state is a 
considerable challenge. Pionering, work (4/-44) 
thas established the techniques required for these 
‘experiments, and we are approaching true “time- 
resolved” studs with the test x ay (XFEL) sources 
(45, 46), Recent decades have seen an explosion 
in optical and optoelectronic devices that exploit 
switchable materials, and it is necessary to under- 
stand these molecular and electronic processes in 
detail to design and create new materials that are 
stable and robust to thermal/photocycling (47). The 
conversion ratios between states (photoexcited to 
ground) is commonly rather small in many solid 
state reactions, and ways fo enhance this for usable 
materials one goal ofthis growing research area. 

Photoactivation can be reversible or irrevers- 
ible, short-or long-lived, and each type of “switch” 
presents challenges far the crystallographer to 
achieve high-resolution structures and. requires 
<ifferent experimental methodologies. The very 
fast (femtosecond) chemical reactions equire the 
latest, brightost x-ray sources and very fast lasers, 


Fig. 4. Molecular compound that undergoes a minor conformational change with temperature. 
(Below) The crystal of the compound, showing obvious thermo-chromic behavior between 100 and 350 K. 
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‘whereas some long-lived reactions can be fol- 
lowed at synchrotron sources when observing in 
the micro-to-millisecond time frames (48). Al 
though much research has been published for 
decades on photochemical reaction studies by 
‘optical spectroscopies, the molecular detail and 
high atomic resolution of crystallography have 
‘been missing. We can now perform the comple- 
mentary diffiaction experiments to enhance our 
‘understanding of these fundamental, but highly 
important, chemical and biochemical processes. 

Photoswitchable materials include spin cross- 
‘over (SCO) compounds (49-52), photo-thermo)- 
chromic materials (53-56), photocycloaddition 
(PCA) compounds (57, 58), and photoisomeric 
‘compounds (59, 60), and these have found appli- 
cation variously in optical storage materials, ight 
‘and pressure molocular switches, sensors, molecular 
‘wires, logic gates, and imaging (Fig. 4), Photo 
‘crystallographic experiments strive to achieve high- 
resolution diffraction data ffom the ground state 
and subsequent excited states in the same single 
‘crystal, which requires a conversion ofa east 10% 
and no serious degradation of the crystal in the 
process of excitation, There are many examples 
‘of these successful experiments in the literature, 
‘but achieving the reverse process in a single erys- 
tal can be challenging or impossible, depending on 
the chemical reaction 


Crystallographic Software 
Structure solution and refinement algorithms have 
advanced with the increasingly accurate, higher 
resolution, x-ray data now recorded, largely free 
‘of systematic errors, Several structure solution and 
refinement packages (61-64) are now available, 
all being actively developed to interpret more com- 
plete structural data and reduce possible errors in 
the final model. Structural descriptors that go be- 
‘yond the spherical atom model (65), and allow the 
fall electron density elucidation of compounds, have 
‘become more mainstream, and further developments 
in this field now require only moderate-resolution 
ta. The advances in both detector and source tech 
nologies outlined above have driven the develop- 
ment of data collection and processing software, 
‘with many central facilities using robotic mounting 
and centering routines (66). Data from these are 
offen relayed to automatic processing software that 
‘will attempt to produce & near-finished molecular 
model. Combining these functions moves the more 
routine structural interrogations into the realm of 
full automation. This allows the crystallographic 
‘experts to concentrate on the more challenging sys- 
tems, such as multivariable experiments, obscure 
sample environments, low-resolution data, incom- 
rmensurate crystals, and quasicrystals. One further 
area secing rapid development isin the strategies 
to recon, process, and interpret data from experi- 
‘ments designed to follow reactions in realtime (46). 

‘A recent revolution in stricture solution that is 
important to mention isthe introduction ofthe change 
flipping algorithm (CFA) (67). This is a dual-space 
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‘phasing algorithm, utilizing the fundamental know!- 
‘edge that clacton density ina crystal structure must 
bbe positive. The method has rapidly become & 
popular altemative for datasets where traditional 
methods fil (68). CFA has a major advantage over 
{rational solution methods, asthe space group of 
the structure does not need tobe determined before 
use, Iti the only structure solution method that is 
curently extensible to systems where the fll sym- 
matty ofthe system is described by 3-+1 dimensions, 


The Future 
(Chemical and materials sciences lie atthe basis of 
the next generation of smart materials, fabrics, 
and devices, and x-ray erystallography is funda 
‘mental to their design and successful application, 
‘The use of crystallography in online analysis will 
continue to be an essential industry tool, and in- 
struments will become faster, smailer, more por- 
table, and applicable in the field for important 
health problems in remote areas and the devel- 
oping world, Concurrently, the development of 
new powerfill xray sources forthe laboratory, as 
‘well asat global central facilities, will enable new 
discoveries at higher resolution by using much 
smaller crystals, and importantly, these experi- 
‘ments will use much less of the crystalline mate- 
rials in the studies, whether pharmaceutical 
‘compounds, precious metals, or the rare chem- 
icals that are needed in modem electronics. 
Recent discoveries at the molecular level for 
smart materials with clever magnetic and elec~ 
trical properties (e., single-molecule magnets) 
require extensive dynamic structural studies to 
explain the subtle molecular changes under applied 
cexternal fields so that these changing properties 
can be exploited in the next generation of devices. 
Taking crystallography to other planets, most re- 
cently Mars, has challenged the imagination of 
cexystallographers, engineers, mathematicians, and 
‘many other materials scientists, with staggering 
results, and we can expect to see more missions 
that take remote-controlled laboratories to distant 
places—missions that were unimaginable a few 
‘years ago. The collaboration of scientists developing 
portable x-ray sources, fast, sensitive detectors, 
intelligent robots, innovative software, and data 
analysis methods will find many applications and 
challenges for erystallographers in the decades 
ahead. Fortunately, crystallography has a long his- 
tory of sharing ideas, experiences, expertise, methods, 
and software for the common good (69, 70). 
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‘phasing algorithm, utilizing the fundamental know!- 
‘edge that clacton density ina crystal structure must 
bbe positive. The method has rapidly become & 
popular altemative for datasets where traditional 
methods fil (68). CFA has a major advantage over 
{rational solution methods, asthe space group of 
the structure does not need tobe determined before 
use, Iti the only structure solution method that is 
curently extensible to systems where the fll sym- 
matty ofthe system is described by 3-+1 dimensions, 


The Future 
(Chemical and materials sciences lie atthe basis of 
the next generation of smart materials, fabrics, 
and devices, and x-ray erystallography is funda 
‘mental to their design and successful application, 
‘The use of crystallography in online analysis will 
continue to be an essential industry tool, and in- 
struments will become faster, smailer, more por- 
table, and applicable in the field for important 
health problems in remote areas and the devel- 
oping world, Concurrently, the development of 
new powerfill xray sources forthe laboratory, as 
‘well asat global central facilities, will enable new 
discoveries at higher resolution by using much 
smaller crystals, and importantly, these experi- 
‘ments will use much less of the crystalline mate- 
rials in the studies, whether pharmaceutical 
‘compounds, precious metals, or the rare chem- 
icals that are needed in modem electronics. 
Recent discoveries at the molecular level for 
smart materials with clever magnetic and elec~ 
trical properties (e., single-molecule magnets) 
require extensive dynamic structural studies to 
explain the subtle molecular changes under applied 
cexternal fields so that these changing properties 
can be exploited in the next generation of devices. 
Taking crystallography to other planets, most re- 
cently Mars, has challenged the imagination of 
cexystallographers, engineers, mathematicians, and 
‘many other materials scientists, with staggering 
results, and we can expect to see more missions 
that take remote-controlled laboratories to distant 
places—missions that were unimaginable a few 
‘years ago. The collaboration of scientists developing 
portable x-ray sources, fast, sensitive detectors, 
intelligent robots, innovative software, and data 
analysis methods will find many applications and 
challenges for erystallographers in the decades 
ahead. Fortunately, crystallography has a long his- 
tory of sharing ideas, experiences, expertise, methods, 
and software for the common good (69, 70). 


References and Notes 

W.L Bragg, Pro. Camb, Philos Soc. 17, 43-85 (1913). 

2. Giacovaz, Fundamentals of Cystallography (Oxford 
Univ Pres, Gator, ed 3, 2012. 

3. J.P. luster, KN Trublood, Crystal Structure Analy 
{A Primer (Ord Univ. Press, Odor, ed 3, 2010) 

4 CC Wilson, {Appl Cost 30, 184-189 (1997) 

5 Totaly hpi otaleyst 

6. Brodalla, 0. Moats, R. Bose, W. Ossnald, 1 App. 
(Chat. 18, 316-319 (1985) 

7. A Katrwsak, Acta Ciystallogr. A 64, 135-148 (2008), 

BAL ang, Kae, AS Bull 38, 26-33 (2013) 


9. D.S. Yuli, R. Zubaluk, OV. Shishkin. A K Howard, 
Csténgcomm 14, 8222-8227 (2012). 

430, VR Malad oA Chem So. 120 6702-8710 1998) 

AL J.C. Jamieson, A W. Lawson, N.D. Nocti, Rev ci. 
Insrum. 30, 1016-2019 (1959), 

1 | fiw, MLR Prob, Cyt Goth es 13, 1943-1948 2013, 

35. 1A Mee, & Oeil, & Jeane, Phys. Earth Planet 
Inter. 242, 143-144 (2008) 

14M, 5. L Price, Chem. Soe fev. 10.1039/c3es602794 (2014), 

45, J. Benet Buchholz, T. Haumann, R.Boes, Chem 
Commun, 2003-2008 (1998), 

36, J. Harada, J. Chm. Fc. 78, 607-612 (2000) 

AT, RL Thomson ef al, Mote Chom. Ply. 139, 34-46 (2013), 

1B. ML Schuster, H. Gabel, Phys. D Appl. Pls. 28, 
‘270-8275 (2995), 

29. hipsiuen clam conveenslogyneta et techno in. 

20. G. Rosenbaum, KC. Holes, |. Witz, Mature 230, 
434-437 (1972, 

21. T-isikana et o, Nat Photonics 6, 540-544 (2012) 

22. J Kem ef al, Science 3€0, 491-495 (2013) 

23. VT. Forsyth eta, Neutron News 12, 20-25 (2000), 

24 Gh Broennimann et al, |. Synchrotron Rado. 33, 
120-130 (2008) 

25. FH. Alles, Acta Costallogr. 8 58, 380-388 (2002) 

26. 1 Cosi, Glazer, 7. Appl. Cyst. 19, 105-207 (2986. 

27. KM, Aadeson et al, Ct. Grawth Des. 1, 820-826 2020, 

28. ALE. Goats, |. AK. Howard, Chem, Soc. Rev. 33, 
490-500 (2008 

29. P. Coppens, Yay Charge Density and Chemical Bonding 
(WuCrOxtrd Uni. Pres, Oxford, 2997) 

30, P Coppens, Phys. Sr. 87, 48104 (2013), 

31. RF. W. Bader, Alm in Molecules: A Quantum Theory 
(Clarendon, Oxford, 1990) 

32, ALE Goct ot al, Act Cyto, C55, 1293-1246 (1999) 

33. WLR Probert eta J App Costar. 43, 1415-1418 G20, 

3A, ALR Farell to, Cystingom 35, 3423-3429 (2013), 

35. S.A Moggach, O. Rl, S. Parson, JE. Waren, 
1. Appl, iy. 42, 249-251 (2008). 

36, A. Danson, D.R Allan 5. Parsons, ML Rul J Appl. Crt 
37, 410-416 2004) 

37. D5. JAK Hava, JA Cpt 38, 583-586 2005, 

3B, LE Warren et al, J ppl Cis. 42, 457-160 (2009). 

39, J.C Rowsll EC. Spencer, J Eelat, |. AK Howard, 
1M. Yagh, Science 309, 1350-1354 (2005) 

40. EC. Spencer, JA. Howard, G J- Many, JL Rawsl 
(0... Yagh, Chem. Commun, 278-280 (2008) 

42. CO. in, 5. lle & Wu, W. K Fullagar,P.Coppens, 
‘cto Crystallogr 58, 133-137 (2002) 

42, S Teche, F Scate, M Mull, Phys. Rev et 96, 
2030-2033 (2002) 


43. K Alfa, Chem. Rev. 202, 1569-2582 (2000, 

AGL Guérin ef a, Chem Phys 299, 163-170 (2002 

45. Prom, |C.H. Spence, Cur. Opin. Sout. Bil 22, 
509-516 (2010. 

46. W. Queveda eta. Aop. Phys 122, 093519 (2012) 

47. Zhang Q. Zou Tian, Ae Mater. 25, 378-399 (2013) 

48. JM. Cale, Acta Cystllogr. A 6a, 259-271 (2008), 

49, F.Renzet al, Angew. Chem, Int Ed 39, 3699-3700 
(2000) 

50. C.Catbonera eta, Dolton Tans, 3058-3066 (2006) 

51. R Abbe a al} Ar. Chm, Soc. 135, 12840-14853 (2013, 

52. C.J Schneider eta, Eur. J Inorg. Chem. 2023, 
850-864 (2013) 

53. J. Harada, R Nakajima, K. Ogana, Am. Chem. So. 
4330, 7085-7091 (2008), 

S.C Faulmann etal, Eur J nag. Chem. 2013, 
1058-1067 (2013). 

55. TW. Ngan, CC. N. Zhu, V. WWE Yam, oor. Chem, 
4, 1144-1152 (2000), 

56. 5K Brayshaw ef a, Chemistry 17, 4385-1395 (2010), 

57. LG Kurinaet al, Costalogr. Rep. 56, 11-621 (2010, 

58. ALF. Mahon, P.R Rath, HA Sparkes,CrystngComm 
40, 573-576 (2008) 

59. A Yu. Kovlesly, KA. Bagley, P.Coppens, J Am. Chem. 
Soc. 124, 9241-9248 (2002) 

60. KF, Bowe tal, Chem. Commun, 2448-2450 (2008), 

(61. GM. Sheldrick, eta Cytalogr Aa, 122-122 (2008) 

62. PW. Betieride, J. R Caruthers, RL. Cooper, K Prout, 
J. Watkin, J pL Cyst. 36, 1487 (2003) 

63, Petrie, Dusk, LPaltinus, Janaz005: The 
Cpatalographic Computing Stem (stitute of Physics, 
Praha, Cech Republic, 2008) 

‘4. 0.V.Dalomaney,L Bows, Gl, JA. K Howard, 
H.Pushmann Appl. Ct 42, 339-341 (2009) 

65. NK. Hansen, P.Coppens, Acta Cystllogr. & 34 
909-921 (1978) 

66, E Poh etal, | Snchraton Radiat 1, 372-377 (2004), 

(657. G. Ost, A Sita, Acta Crtaogr A 60, 134-101 2004, 

8. L Palins, 6. Chapus, J Amp Cost. 40, 786-790 2007 

69. R Boll fal, Phys Ror A BB, 061402 (2013) 

70. J. Trincaa, ML Hamilton, J. Christensen, A. R. Pearson, 
Biochem. Soe. Tans. 4, 1260-1264 (2013). 


‘Acknowledgments: Wie ace indebted to our alsagues in 
Dutham and elseshee, house these techniques routinely 
and who have read the manuscript and helped to provide 
references that we might have missed, We are grateful also to 
the revieners for comments onthe manuscript. 


10,1126/cence. 1247252 


REVIEW 


Developments in X-ray Crystallographic 
Structure Determination of 
Biological Macromolecules 


Elspeth F. Garman 


The three-dimensional structures of large biomolecules important inthe function and mechanistic pathways 
‘of all ving systems and viruses can be determined by x-ray diffraction from crystals ofthese molecules 

and their complexes. This area of aystallography is continually expanding and evolving, and the introduction 
of new methods that use the latest technology is allowing the elucidation of ever larger and more complex 
biological systems, which are now becoming tractable to structure solution. This review looks back at what has 
been achieved and fontard at how curent and future developments may allow technical challenges to be overcome, 


cries 
AAV) Get 


of large biologically interesting mole- 


cules to be determined. Structures of proteins and 
‘ucleic acids determined by macromolecular erys- 
tallography are vital for elucidating protein function 


7 MARCH 2014 VOL 343. SCIENCE www.sciencemag.org 


and intermolecular interactions and for improving 
‘our understanding of basic biological and bio- 
chemical mechanisms and disease pathways. Their 
immediate practical application is in the design of 
pharmaceuticals, in which they play a central role 
in drug discovery. 

This branch of crystallography has dramati- 
cally advanced aver the past 80 years since the 1934 
initial observation of dftaction from crystals of a 
small protein, pepsin, and the first protein struc- 
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ture determination (myoglobin) Fig. 1A) in 1958, 
Haemoglobin followed, and then in 1965 the first 
‘enzyme structure, lysozyme (Fig. 1B), was solved. 
‘The recent characterization of the entire ribosome 
(Fig. 1C) revealed one of the essential machines of 
life, comprising a vast complex of molecules con- 
sisting of ~280,000 nonhydrogen atoms: more than 
orders of magnitude larger than the 1260 in 
myoglobin. The ficld has been awarded 28 Nobel 
Prizes—starting with father-and-son team William 
Henry and (William) Lawrence Bragg in 1915— 
‘with the latest ing the 2012 Chemistry Prize won 
by Kobilla and Lefkowitz for studies on G protein 
‘coupled receptors (GPCR), crucial cellular sensors 


for signaling proteins and hormones. These Nobel 
Prizes signal the effect that crystallography has had 
and continues to have in the world of cutting- 
edge research 

Macromolecular crystallography was bom with 
the pivotal discovery by Bemal and Crowfoot (/) 
that pepsin crystals retained their order if kept hy- 
dated in a capillary tube sealed at each end during: 
x-ray diffraction experiments. Unlike the crystals 
formed by inorganic or small organic compounds, 
macromolecular erystals can contain up to 90% sol- 
vent surounding the molecules, The intermolecular 
interactions supporting the crystalline lattice are 
weak, The success of difffaction experiments 


Fig. 1. Visualization of macromolecular structures. (A) Balsa wood model 
‘of myoglobin at 5 A resolution (45) and a model of a monocinc crystal, made 
by H. Scouloudi, 1969. (B) Wire model of lysozyme structure (39). Model 
constructed by W. Browne and M, Pickford circa 1965. Refurbished by A. Todd 
and Unicol Engineering of Headington, Oxford, UK. Blue, nitrogen; red, oxy- 
gen; black, carbon; yellow, sulfur; and gray, hydrogen bonds. (C) Ribosome 
70S particle at 3.5 A resolution (46). 305 subunit and tRNA, PDB entry 2wdk; 
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505 subunit, POB entry 2vedl. The 305 subunit is shown in purple (pale for 
protein, dark for RNA) and the 50S subunit in blue (pale for protein, dark for 
RNA). The tRNA is in gold Figure made with CCP4mg (47). (D) Photosystem I 
at L9 A resolution, PDB entry 3arc (48). The protein is show in blue and the 
chlorophylls in green. The oxygen-evolving cluster is depicted as spheres and 
hightighted by dotted circles, and the membrane bilayer is indicated by a 
shaded box. Figure made with CCPamg. 
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critically depends on crystalline order, which usu- 
ally deteriorates if the crystals are allowed to de- 
hydrate, Many of the technical challenges in the 
field arise from this property of protein crystals 

Crystallographic macromolecular structures are 
time and space averages over the many millions 
‘of macromolecules within the crystal. A “large” 
protein crystal is typically smaller than 100 um 
in all three dimensions, For an average-sized 5- 
nm-iameter globular protein, such crystals would 
contain ~10'* molecules. The dynamical behav- 
ior ofthe molecules within a crystal allows only a 
limited sampling of the conformational space of 
the protein because the crystallization conditions 
bias the behavior. Better information on dynamical 
properties is required to fully understand protcin- 
proicin interactions and pathways. Techniques to 
address this issue are being explored with the aid 
of nowly available technology, and current ap- 
proaches are described elsewhere inthis issue (2). 

For the past 20 years, over 95% of macromo- 
lecular structures have been determined fom erys- 
tals held at cryotemperatures (100 K) because the 
rate of radiation-induced damage is lower by a 
factor of ~70 compared with room temperature (3). 
Although 100 K is fur from physiologically rle- 
‘vant temperatures, itis clear from structural studies 
of the same proteins at different temperatures that 
the overall fold of the alpha-carbon amino acid 
chain is temperature independent. More ordered 
‘water molacules can be located in strctures deter- 
‘mined at cryoternperatures, and alternative eonfor- 
mations of side chains tend to be better define. 
‘This is because the dynamic disorder in the protein 
is “fiozen out” and the observed substate popula- 
tions reveal only the static disorder. Because these 
detailed observations are not necessarily physio- 
logical relevant, ideally structures would also be 
determined at room temperature if this could be 
conveniently expedited, 

Cuently, some promising new developments 
in macromolecular crystallography are unfolding 
Future growth areas summarized below are mer- 
‘brane protein crtallography and room-temperature 
data collection both at synchrotrons and at the re- 
conty introduced say fewcavton lasers (XFELs). 


The Pipeline 
‘The deployment of new technology and meth- 
odology is continually streamfining the pipeline 
involved in macromolecular structure solution 
(Fig, 2) and improving the success rates for 
challenging cases. However, the major bottleneck 
remains the growth of diffraction-quality crystals. 

Before eystalization canbe attempted, sufficient 
quantities of protein must be purified, usually as 
recombinant material from bacterial, yeast, insect, or 
‘mammalian cells, Expression systems have become 
high throughput as a result of more rapid and rei- 
able cloning tools and the more widespread use of 
automation and bioinformatics. These developments 
permit better-informed and extensive screening of 
expression vectors, protein sequences, and hetero 


logous hos cells (4). Itean sill bea labor-intensive 
and time-consuming task to optimize the system to 
produce enough protein for crystallization trials 

However, with recent methodological progres, the 
structures ofan increasing numberof proteins that 
‘war historically viewed as challenging (e2, mem 
brane proteins, postranslationally modified proteins, 
and protein complexes) are now being solved. 

‘An important development has been the use 
of autotrophic strains for the incorporation of 
seleno-methionine info recombinant protein, be- 
cause the selenium allows the structure to be 
experimentally phased by the multiwavelength 
anomalous dispersion (MAD) method (5). 

‘To maximize the chances that crystals will gow, 
the protcin must be as homogencous and pure as 
possible, soit must usually bein a single oligomeric 
state, Large losses of protein may be experienced 
during paifcatio, but this stp is vital for succesful 
ceystallzaion, Techniques for assessing protein pu- 
rity have advanced considerably, and a variety of 
methods are now used, including dynamic light, 
scattering and coupling of size-exclusion chroma- 
tography with multiangle laser light scattering. 
‘These reveal whether a protein sample is mono- 
dispersed and homogencous, often giving 3 good 
indication as to whether it might crystallize. 

Although the parameters governing the pro- 
cess of protcin crystallization are now better un- 
derstood through research into crystallogenesis, it 
is not yet possible to predict the conditions under 
‘which a particular protein will eystallize. Thus, the 
approach is still to coarse-sereen a wide range of 
chemical conditions—such as buifer type, tem- 
perature, pH, protein concentration (typically 10 to 
20 mg/ml), cocktails of detergents if itis a mem- 
brane protin, precipitnts (organic solvents, sas, 
and polymers), presence or absence of divalent 
cations, and additives—in the hope of obtaining a 
few his. Screg on. fine rd that samples around 
these promising conditions then allows optimiza 
tion, which may result in difacton-quality crystals. 

Crystallization robots that can routinely dis- 
pense low-volume drops (as low as $0 nl prin + 
50 nl of precipitant solution) permit thousands of 
conditions to be coarse-sereened. This has greatly 
increased the likelihood of crystallization condi- 
tions being found given limited protein volumes; 
for instance, with 150 ul of protcin, ~1500 tal 
‘drops of 100 nl + 100 nl could be tested in stender 
96-well plates holding two conditions per well 
Larger volume than the minimum 50 ais usually 
dispensed, because scaling up crystallization 
conditions from such small drops can be proble- 
matic due fo changes in surface-to-volume ratios 
‘The trays are typically kept at a constant temper- 
ature (eg, 4°C or 20°C) in “crystal hotels” 
‘equipped with imaging devices that automatically 
photograph the crystallization drops at regular in- 
tervals, and these images can then be scored using 
aufomated erystal recognition software. Thus, much 
of the drudgery has been removed from the search 
for suitable conditions. The successful development 


of such automated systems owes much to the 
investment of resources and time made in structural 
‘genomics centers in the early part of this century, 

‘Once a crystal huss been obtained, it must usually 
‘be manually harvested from its growth drop before 
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Fig. 2. Diagram showing, from top to bottom, the 
pipeline for macromolecular structure solution. 
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boing imadiated with x-rays. Successful vtrifica- 
tion (Fig. 3) of the erystal for data collection at 
‘ryotemperatures generally requires the presence 
of eryoprotectants. The flash-cooling of crystals 
(6), held in eryoloops by surface tension, is a step 
in the macromolecular crystallography pipeline 
that has so far proved difficult to automate. Com- 
mercial eryoloops are available ina range of sizes 
‘and made from rayon, microfabricated polyimide 
film, and etched mylar, some having integral meshes 
to support fragile crystals or many small crystals 
simultaneously. Technically there is a pressing need 
for automatic crystal harvesting and sample handl- 
ing methods to overcome this pipeline botleneck. 

‘The evolution of storage ring sources to the 
‘currently available third-generation synchrotron 
sources (7) (Fig. 4) in conjunction with fast and 
accurate x-ray detectors has revolutionized mac~ 
romolecular crystallography for the collection of 
diffraction data. The very high synchrotron source 
flux densities (photons pers per mm) allow weakly 
difeacting or smaller crystals to be used for structure 
determination, They provide parallel and stable 
‘beams, many of which can be tuned to deliver inci- 
dent x-ray energies from 6 keV to 20 keV (-2.1 to 
0.62 A), giving access to the absorption edges of a 
wide range of metals for experimental phasing by 
the MAD method. Pioneering beamlines suitable 
for data collection at longer wavelengths (up to 4A) 
‘re under construction to enable more experimental 
phasing of structures using the anomalous signal 
from intrinsic sulfar atoms in proteins. The now 
robust top-up mode at synchrotron sources, in which 
the storage ring is continuously fed with electrons, 
results in stable experimental conditions for long 
periods of time. Detector technology has moved on 
apace, cliven by the requirement for fst and larger 
position-sensitive devices. Originally, the 
fiold used photographic film and proportio- 
nal counters, and then position-sensitive 
mulivire gas-filled detectors, adapted tele~ 
vision tubes, imaging plates (reusable film), 
charge-coupled device detectors, and, most 
recently, pixel detectors (8), 

‘Most synchrotron beamlines are cur- 
rently equipped with sample-mounting 10- 
bots that transfer crystals from a liquid 
nitrogen Dewar to the goniometer into a 
stream of 100 K nitrogen gas, meanwhile 
keeping them cryocooled. The increased 
reliability of these robots has led to re- 
‘mote data collection in which erystals are 
dtivered to the beamline and the researcher 
contls the beamline hardware remotely. gi 
‘Synchrotron beamline availability is now 
such that many in-house systems are being 
decommissioned. 

‘A umber of synchrotron beamlines are 
now providing particular special facilites, 
stich as microfocus beams (diameters down 
to 1 um), With the necessary supporting soft- 
‘ware, these beams can be used to map the 
ifiaction properties of a crystal so that the 


test place fr data collection can be selected. To min- 
mize background and maximize the signal-to-noise 
ratio, the beam and crystal size should be matched. 
‘Thus, these microbeams are ideal for use with mi- 
crocrystals, where many crystals can be mounted 
‘on one loop and then individually irradiated. 
Additional instruments have been made avail 
able to augment the information that ean be ob- 
tained from crystals through simaltancous data 
collection using complementary techniques. For 
‘example, most synchrotrons now have a beam- 
line onto which a microspectrophotometer can be 
mounted, which can provide valuable data on 
redox protein states and radical formation during, 
xray irradiation (9), Another useful new addition 
isa device to carry out on-line controlled dehy- 
ration of protein crystals (/0), because in some 
‘cases this technique can improve the diffraction 
quality in a reproducible way. For instance, Fl 
adenosine triphosphatase crystals were improved 
ffom 600A to 3:84 A resolution by dehydration (10). 
‘Automated data reduction pipelines are now 
‘widely available a most beamlines, and these allow 
‘on-tine evaluation of the results so that more data 
can be collected immediately if necessary, sub- 
stantially improving the outcomes of the experi- 
ment. However, even for eryocooled crystals, the 
,e-old problem of radiation damage remains an 
issue and can result in failed structure solution 
‘due to the degradation of diffraction quality and 
the onset of specific structural damage (17) be- 
fore enough data have been obtained. Research is 
‘ongoing to understand the variables involved and 
to seek mitigation strategies (J2), The extent of 
‘damage at cryotemperature is proportional to the 
absorbed dose, and an experimental dase limit of 
30 Mgy, beyond which structural information may 


3. Macromolecular crystals ready for data collection. (A) 
Gyocooled 0.5-mm-sized crystal of Salmonella typhimurium neuramin- 
‘dase in 2 204methick rayon fiber cyoloop held in a 100 K nitrogen gas 
‘ream. The transparent film of sold cyobutfer supporting the crystal 
indicates that no crystalline ice has formed that could interfere withthe 
cypstaldifraction pater (B) In situ data collection from bovine entero- 
virus crystals; despite the rapid and dramatic disruption of the crystal 
lattice, small amounts of high-quality data can be collected in a serial 
manner until a complete data set is obtained (30). Reproduced by 
permission of the International Union of Crystallography (UCN. 
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become compromised, has been determined (/3) 
Software (Raddose-3D) is available to model 3D 
dose profiles for a range of experimental strat- 
egies (standard, helical and translational), These 
simulations can be used to plan experiments that 
result in more homogencous dose distributions, 
reducing the extent of differential radiation damage 
‘across the sample and improving data quality (14). 

‘A mumber of streamlined packages are available 
to analyze the diffraction data and to reduce them to 
‘a unique set of reflections so that structure solution 
‘ean commence. Concomitant with the developments 
in hardware and the automation of data collection, 
‘computational tools for stricture solution have seen 
‘huge progress over the past decade, Crystallographic 
software, such as that distributed by Collaborative 
‘Computational Project Number 4 (CCP4) (15) and 
PHENIX (6), can now solve many structures with- 
‘out human intervention, from data reduction through 
phasing and electron density map calculation, map 
imtepretation (model building), structure refinement 
(completion), and deposition in the Protein Data 
Bank (PDB), For the cases in which automated 
solution is still not possible, the software is better 
able to analyze the pathologies causing it to fail 
‘and to guide the erystallographer to manta solu 
tion. Molecular replacement can now succeed with 
‘very distant models or even secondary structure 
elements, as implemented in Phaser (17) and 
Arcimboldo (/8), Experimental phasing can now 
succeed with very weak anomalous signals duc 
to progress in phasing software [e.., the SHELX 
suite (79)] and improved methods to enhance the 
‘anomalous signal when combining data collected 
fiom a large number of different erystals [ez (20)) 

‘Afier an intial model is obtained, the structure 
‘must be refined to optimally match the model to the 
electron density. This process is fast and 
has a wide radius of convergence—for 
example, in Phenix refine (/6) and Refimac 
(2d), Software for automatically building 
atomic models ino electron density maps 
is increasingly more robust, and for man- 
ual building, programs such as Coot (22) 
tremendously aid the iterative process of 
model refinement and rebuilding, The 
sraphical capability now available allows 
macromolecules to be represented much 
‘more speedily, cheaply, and conveniently 
than with balsa wood and wire models 
(Fig. 1, A and B), For the last step in the 
pipeline, convenient new tools are also 
available forthe validation of the geom- 
cetty and quality of stractures before sub- 
mission of atomic coordinates to the 
PDB (25), 


Future Growth Areas 
Current growth areas in which macro- 
molecular crystallography is likely to have 
considerable fiture impact include mem- 
brane protein structure solution, renewed 
interest in room-temperature structure 


www.sciencemag.org SCIENCE VOL 343 7 MARCH 2014 


1105 


1106 


Crystallography at 100 


vawscioncemag.erglspecial/eystallography 


determination at synchrotrons, and the possibil- 
ities offered by XFEL x-ray sources. 

“About 30% of the protcins coded by the hu- 
rman genome are membrane protcins. Determining 
the structure of these represents a major challenge 
for conventional techniques, because the erystall- 
zation step usually relies on controlled detydation 
‘ofa solution of protcin, Because proteins extracted 
fom the membrane are by their very nature insol- 
Uuble in aqueous systems, new methods have to be 
employed to obtain crystals; the proteins must 
romnlly be solubilized in detergents, both throughout 
Purification from cel lysates and during rystallzaion. 
‘This greatly increases the number of variable crystal 
lization parameters to be explored and makes the 
search for suitable conditions both tims 
and expensive. The addition of detergents is prone 
to destabilize the protein, and much trial and error 
is required for successfil outcomes. As a result, 
‘out of 97,362 protein structures (as at 28 January 
2014) deposited in the PDB, there 
are only 1394 membrane protein 
structures (24), although the num- 
ber is increasing rapidly. In part 
this is due to the development and 
success of a new crystal-growing 
technology: the “in meso” method, 
which makes use of lipidie meso- 
phases and is also referred to as the 
lipid cubic phase (LCP) method. 
‘This uses monoolein, which has a 
well-charucterized phase diagram of 
composition (waterlipid) against 
temperature (25). Crystallization ro- 
bots to dispense LCP are now avail- 
able, and they substantially simplify 
and accelerate the setting up of 
screens. However, safe removal of 
crystals from LCP material requires, 
skill and patience on the part of the 
experimenter, so this stage is ripe 
for further innovation. On contact 
with ai, the LCP can swittly 
hydrate unless additional crystalli- 
zation solution is added, and it also 
becomes opaque and birefringent 
‘making it hard to locate and to har- 
vest the erystals. Once in a cryoloop 
and flash-cooled (no added cryo- 
protectant is needed) for cryodata 
collection, the LCP again often be- 
comes opaque, and any crystals 
within it become invisible, The auto 
‘mated grid scans of the x-ray beam 
‘over the loop area to detct crystal 
dliffaction above have alleviated this 
problem, and work to image such erys- 
tals by x-ray microradiography and 
‘icrotomography is ongoing (26). 

Membrane procin crystals grown 
in cubic and sponge phases have 
‘yielded data revealing, for example, 
ihe structural basis for the counter- 


transport mechanism of a H+/Ca°* exchanger (27) 
and the structure of the B2 adrenergic receptor-G 
protein-active complex (28), a GPCR in associa- 
tion with is cognate G protein. Correct functioning 
of GPCRs is vital for our senses of smell, taste, 
and sight and is also involved in almost all signaling 
processes, including cellular responses to neuro- 
transmitters and hormones. Because roughly half 
of all modem drug targets are GPCRs, their 
structural elucidation is one of the major high- 
lights of recent research. 

‘The ability to crystallize membrane proteins in 
amembrane-like environment such as LCP opens 
the possibility of gaining more biologically rele- 
vant information on profein-lipid interactions. Such 
interactions help regulate subcellular localization 
and determine the activities of transmembrane 
proteins, yielding, for instance, insight into the 
function of the receptor tyrosine kinase family 
‘These proteins are implicated in the progression 


of many types of cancer, as well as being vital 
regulators of normal processes in the cell (29) 
Inthe search for suitable crystallization condi- 
tions for membrane proteins, itis often highly 
instructive to test the diffiaction properties of puta- 
live crystals obtained from a coarse crystallization 
screen, This necessity has prompted beamline 
scientists at a number of synchrotrons to adapt 
conventional goniometers so that entire 96-well 
‘cystallization plates can be mounted in the x-ray 
beam and translated to enable irradiation of in- 
dividual wells containing putative crystals. In some 
‘cases, a limited rotation capability has also been 
incorporated into the beamline harchware and soft- 
‘ware, so that complete ensemble data sets consti- 
tuted of images from many crystals can now be 
collected and can result in successful structure 
solution (30), without the necessity for any post- 
‘growth handling of crystals. Figure 3 shows a erys- 
tal of bovine enteroviras at room temperature in a 


Fig. 4. Progression of hardware for macromolecular crystallography experiments. (A) A Hilger-Watts linear 
diffractometer as used to collect the data used to solve the structure of lysozyme in 1965 (49). (B) The first third 
generation synchrotron x-ray source: the European Synchrotron Research Facility (ESRF), Grenoble, France. Photo 
courtesy of ESRF/More. (C) Part of an XFEL: a 132-m-long undulator at the Linear Coherent Light Source, Stanford, CA, 
USA. [Photo courtesy of SLAC National Accelerator Laboratory, Archives and History Office) 
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crystallization tray being consecutively irradiated 
for 0.5 s at four different positions by translating, 
the tray before radiation damage effects cause 
the disintegration of the recently imadiated part 
‘The success of this strategy relies heavily on the 
high speed of data collection and on the advent of 
‘extremely fast pixel array x-ray detectors (PADS) 
(3D), These are replacing the charge-coupled de- 
Viee detectors that have been the macromolecular 
crystallography workhorses forthe past 10 years. 

Cumently, the biggest PAD is 425 by 435 mm? 
and has a readout of 0.995 ms, a maximum frame 
tate of 100 per second, and 6 millon pixels, The 
PAD readout times are so fast that they have re- 
sulted in a paradigm shift in the way the diffaction 
‘experiment is camied out, with shutteriss data col- 
lection becoming the norm: Its now unnecessary 
to oscillate the crystal over a limited angular range 
(0.1 to 1°)and then close the shutter during detector 
readout. This change in experimental approach 
‘combined with the high PAD ffame rates dramati- 
cally increases the rate at which data can be col- 
lected, while concomitantly reducing demands on 
‘beamline components such as x-ray shutters. 

Experiments using a high-speed PAD have 
demonstrated that it may be possible to collet data 
‘at room temperature so quickly that the catastrophic 
cffects shown on Fig. 3B can at least partially be 
“outrun (32), There was already ancedotal evi- 
dence from carly macromolecular erystallography 
synchrotron experiments 30 years ago that room- 
temperature crystals lasted much longer than had 
been expected, and during the past 5 years there 
hhas been some debate as tothe existence of a room 
temperature dose-rate effect on radiation damage 
progression, It would be mos instructive to under- 
stand the details ofthe radiation chemistry pathways 
in room-temperature protein crystals during x-ray 
‘madiation, so that the application of recent tech 
nological developments could be optimized, 

In conjunction with the in situ tray irradiation 
described above, the opportunity to collect more 
room-temperature diffraction data by collecting it 
faster has opened up the potential for protein 
structures to be determined with no postgrowth 
handling being necessary. This is particularly perti- 
nent for virus crystals for which biological contain- 
‘ment requirements complicate traditional data 
collection methods, but it is also important for 
samples that prove dificult to handle or manipulate 
and for those that cannot be cryocooled without 
serious degradation oftheir difiaction propetics. 

Hardware developments for macromolecular 
crystallography have not been confined to the im- 
provement in the size and accuracy of x-ray de 
tectors. Since the early days of sealed-tube x-ray 
sources, crystallographers have exploited the latest 
technical advances to obtain brighter beams. 
‘The huge increase in source brilliance (B) (mea- 
sured in units of photons per second per mm per 
rillistoraian per 0.1% bandwidth, here called U) 
available today has been achieved through steady 
progress that has encompassed rotating anode 


xeray generators with magnetic liquid rotary vac- 
tuum seals (B > 107 U), focusing optics fabricated 
fiom altemating graded layers of high and low- 
‘atomic number elements (B > 10° U), synchrotron 
fad electron storage rings equipped with bending 
magnets (8> 10"° Up, wigglers (B > 10" U), and 
then ultimately in-vacuum undulators (B> 10" U), 
and finally the recent advent of XFELs at Stanford 
[Linear Coherent Light Source (LCLS)] (Fig. 4), 
‘Pring Angstrom Compact lectro-Lasr(SACLA), 
‘and Deutsches Elektronen-Synchrotron (DESY) 
[Free Electron Laser Hamburg (FLASH)]. For 
‘example, the macromolecular erystallography CX1 
(coherent xray imaging) beamline at the LCLS is 
typically operated at 10 to 120 Hz, with x-ray pulses 
‘ofaround 10" photons in a 104m focus, which can 
be tuned fram 70 to 300 fat enemies of to 10 keV 
Bake > 10" U; Bang 10" U). 

‘Serial femtosecond crystallography (SFX) is a 
technique in which protein nanocrystals suspended 
ina liquid jot are streamed using a surrounding gas 
jacket (33) perpendicular to the beam direction so 
that the x-ray pulses hit them to produce diffraction 
sills. These pattems are recorded on special PAD 
detectors (34). Typically, hundreds of thousands 
‘of images are collected, a small faction of which 
show a diffaction pattem, and a small percentage 
of these are suitable for structure solution. The 
collection of one sill image per nanocrystal presents 
a major challenge for available dififation analysis 
software. In an ongoing effort, new methods (eg, 
Monte Carlo integration) are being employed to 
extract usefill information from the many tea 
bytes of data collected during every XFEL run. 

Notable SFX results so far include the struc- 
tures of Cathepsin B (35) and photosystem I (36), 
both determined by the molecular replacement meth- 
‘oc. In another highlight, a combined spectroscopic 
and crystallographic study gave insights into the 
‘workings of Photosystem Il (37), large complex of 
transmembrane molecules (Fig. 1D), vital to photo- 
synthesis and thus to aerobic life, In late 2013, a 
proof of principle de nuovo structure determination 
‘of soaked lysozyme nanoarystls (<I by | by 2pm? 
in volume) was achieved using the anomalous sig- 
nal from a gadolinium cluster derivative (38), a 
serendipitous link with the beginnings of macro- 
molecular crystallography (Fig. 1B), and technolog- 
ically afar cry from the original lysozyme structure 
determination using a Hilger-Watts linear difrac- 
tometer (39) (Fig. 4). Thus, XFEL sources promise to 
provide a way in which new structures can be ex- 
perimentally phased for proteins and protein com 
plexes for which only nanocrystals can be grown. 

‘Although the full potential of XFEL sources for 
incur biology has yet to be realize, they are stat- 
ing to ffl their promise of overcoming the problem 
of ration damage by allowing “ditfation befime 
sestruction’” during the diffacton experiment, Cou- 
pled with innovative technical developments to over- 
‘come the considerable challenges posed by the need 
to deliver crystals, including thase grown in LCP 
into the path ofthe in vacuo XFEL sample cham- 


SPECIALSECTION 


bers, they are also providing inspiration for future 
‘experiments to advance biological discovery. In 
particular, given enough brightness, the XFEL. po- 
tentially enables the imaging of single molecules. 
‘This capability has been shown for the 400-um- 
diameter mimivirus ata resolution of 32 nm (40) 

However, due to the very limited availability 
of XFEL beamtime, the more involved data pro- 
cessing pathway, and the large amount of erys- 
talline material required, the vast majority of data 
collection for structural biology for the foreseeable 
fate willbe carried out at third-generation synchro- 
tron sources, at which the pipelines for data anal- 
‘ysis and structure solution are now well established, 

‘The three topics summarized by no means ex- 
‘aust the cument activity in advancing the field of 
macromolecular x-ray crystallograpy, Other inter 
ceing areas include new methods for analyzing 
the electron density obtained from fragment screen- 
ing experiments to aid drug discovery (47) and 
new synergy between purely computational ap- 
proaches to structure prediction (eg., Rosetta) and 
refinement of structures from difftaction data (42), 
‘which opens new avenues to address ever more 
challenging problems, 


Conclusions 
From its beginnings in 1913 with the determination 
of the structure of rock salt (two atoms) (43), x-ray 
crystallography has seen many developments that 
have moved it into center staze as an essential dis- 
<ipline contributing to abroad portfolio of scientific 
areas. It now has the capability to define the siruc- 
tures of assemblies of biological molecules with as 
many as 300,000 nonhydrogen atoms. Since is in- 
ception, methodological developments have driven 
the biological insights gained from crystallogra- 
pty, and they will continue to do so forthe fore- 
seeable future. 

“Macromolecular crystallographers have onga- 
nized one of the earliest examples of a repository 
of “big data” that is accessible worldwide and is 
five for academic use. This is the Protein Data 
Bank, into which all 3D coordinates and the cor- 
responding structure factors (the Fs in Fig. 2), 
must be deposited before publication, The field 
has also blazed a trail in making extensive use of 
statistical validation tools such asthe free R value 
(44) and in providing well-tested, thoroughly doc- 
‘umented, and continuously supported free soft- 
‘ware necessary for structure solution (15, 16). In 
these respects, macromolecular crystallography 
is a vanguard for other research areas to follow. 
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With the recent advances in ultrabright electron and x-ray sources, itis now possible to extend 
caystallagraphy to the femtosecond time domain to literally light up atomic motions involved 

in the primary processes governing structural transitions. This review chronicles the development of 
brighter and brighter electron and x-ray sources that have enabled atomic resolution to structural 
dynamics for increasingly complex systems. The primary focus is on achieving sufficient brightness using 
pump-probe protocols to resolve the far-rom-equilibrium motions directing chemical processes that in 
general lead to irreversible changes in samples. Given the central importance of structural transitions to 
conceptualizing chemistry, this emerging field has the potential to significantly improve our 
understanding of chemistry and its connection to driving biological processes. 


hhemistry has long been appreciated to he 
( a race against time. One wants to create 

‘conditions to drive the desired chemistry 
faster than other possible reaction routes. To this 
objective, we have been left to imagine the rela- 
tive atomic motions that lead the system through 
an activation or energy barrier to convert to new 
chemical species. This conceptualization of chem- 
istry represents a classic thought experiment that 
provides the unifying language connecting the 
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vides the conceptual bridge between biology and 
chemistry. The challenge is to depict transition- 
sate strictures that are taken to be energetically 
at the halfway point along, an assumed reaction 
‘coontinate connecting reactant and product states. 
‘This exercise is a useful pedagogical tool because 
it emphasizes the connection between the structure 
at ctitcal transition points and barter heights. We 
need this structural connection in order to properly 
think about means to control barier heights and 
thereby the chemistry (and biology) of interest 
‘This practice ean be justified for few atom systems 
‘but is questionable for most systems of chemical 
interest, Fora molecule of N atoms, there are on 
the order of 3N degrees of freedom or dimensions, 
to the problem to track all possible nuclear con- 
figurations. Imagine trying to map a surface with 
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interconnecting different possible stability points 
Itwould be extremely difficult to find general fea- 
tures for trekking between one stable valley, or 
ssructre fo another, Here, one has to marvel at chem 
istry. Within the classic description of transition-state 
processes, cach molecule would have a distinct 
many-body potential energy surface, with distinct 
modes reflecting the different degrees of freedom 
needed to describe the muclear fluctuations. Each 
different molecule should be a new adventure; 
‘yet, chemistry involves widely applicable reaction 
imechanisms—that i, transferable concepts 

‘The problem to date is that we have been un- 
able to observe the key modes involved in directing 
chemistry. We have a very detailed understanding 
of equilibrium fluctuations of molecular systems 
‘based on vibrational spoctrascopy as well as a host 
of other experimental and theoretical methods. 
However, until recently there has been no direct 
‘means to observe the primary atomic motions in- 
volved in structural transitions. With the recent ad- 
‘vances in ultrbright electron and x-ray sources, it 
is now possible to light up the atomic motions 
(via diffraction) on the prerequisite time scale to 
cbserve the key modes governing chemistry (1) 


“making Molecular Movies” 

To get some appreciation of the experimental 
challenges, consider trying to build a camera to 
capture atomic motions on the fly, to make a 
“molecular movie” What is the shutter speed 1e- 
quired to follow chemically relevant atomic: mo- 
tions? If we use the case of bond breaking, the time 
scale involved is the time i takes two alos to move 
far enough apart so thatthe interatomic potential 
is no longer binding within kaT (Where ky is the 
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Femtosecond Crystallography with 
Ultrabright Electrons and X-rays: 
Capturing Chemistry in Action 


R, J. Dwayne Miller? 


With the recent advances in ultrabright electron and x-ray sources, itis now possible to extend 
caystallagraphy to the femtosecond time domain to literally light up atomic motions involved 

in the primary processes governing structural transitions. This review chronicles the development of 
brighter and brighter electron and x-ray sources that have enabled atomic resolution to structural 
dynamics for increasingly complex systems. The primary focus is on achieving sufficient brightness using 
pump-probe protocols to resolve the far-rom-equilibrium motions directing chemical processes that in 
general lead to irreversible changes in samples. Given the central importance of structural transitions to 
conceptualizing chemistry, this emerging field has the potential to significantly improve our 
understanding of chemistry and its connection to driving biological processes. 


hhemistry has long been appreciated to he 
( a race against time. One wants to create 

‘conditions to drive the desired chemistry 
faster than other possible reaction routes. To this 
objective, we have been left to imagine the rela- 
tive atomic motions that lead the system through 
an activation or energy barrier to convert to new 
chemical species. This conceptualization of chem- 
istry represents a classic thought experiment that 
provides the unifying language connecting the 
different disciplines in chemistry as well as pro- 
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vides the conceptual bridge between biology and 
chemistry. The challenge is to depict transition- 
sate strictures that are taken to be energetically 
at the halfway point along, an assumed reaction 
‘coontinate connecting reactant and product states. 
‘This exercise is a useful pedagogical tool because 
it emphasizes the connection between the structure 
at ctitcal transition points and barter heights. We 
need this structural connection in order to properly 
think about means to control barier heights and 
thereby the chemistry (and biology) of interest 
‘This practice ean be justified for few atom systems 
‘but is questionable for most systems of chemical 
interest, Fora molecule of N atoms, there are on 
the order of 3N degrees of freedom or dimensions, 
to the problem to track all possible nuclear con- 
figurations. Imagine trying to map a surface with 


hundreds of dimensions to give you all the routes 
interconnecting different possible stability points 
Itwould be extremely difficult to find general fea- 
tures for trekking between one stable valley, or 
ssructre fo another, Here, one has to marvel at chem 
istry. Within the classic description of transition-state 
processes, cach molecule would have a distinct 
many-body potential energy surface, with distinct 
modes reflecting the different degrees of freedom 
needed to describe the muclear fluctuations. Each 
different molecule should be a new adventure; 
‘yet, chemistry involves widely applicable reaction 
imechanisms—that i, transferable concepts 

‘The problem to date is that we have been un- 
able to observe the key modes involved in directing 
chemistry. We have a very detailed understanding 
of equilibrium fluctuations of molecular systems 
‘based on vibrational spoctrascopy as well as a host 
of other experimental and theoretical methods. 
However, until recently there has been no direct 
‘means to observe the primary atomic motions in- 
volved in structural transitions. With the recent ad- 
‘vances in ultrbright electron and x-ray sources, it 
is now possible to light up the atomic motions 
(via diffraction) on the prerequisite time scale to 
cbserve the key modes governing chemistry (1) 


“making Molecular Movies” 

To get some appreciation of the experimental 
challenges, consider trying to build a camera to 
capture atomic motions on the fly, to make a 
“molecular movie” What is the shutter speed 1e- 
quired to follow chemically relevant atomic: mo- 
tions? If we use the case of bond breaking, the time 
scale involved is the time i takes two alos to move 
far enough apart so thatthe interatomic potential 
is no longer binding within kaT (Where ky is the 
Boltzmann constant and Tis the temperature) 
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If we take as upper limits a bond displacement of 
1A. (10 em) and two atoms moving apart atthe 
speed of sound (10° cm/s) along this coordinate, 
the time scale for reaching the point of no re- 
‘um or bond breaking would be on the order of 
10" s, of 100 fs (2). This time scale should be 
familiar. Is associated with the typical thermal 
sampling time from Arrenhius theory for unimo- 
lecular reactions. There are fister nuclear motions 
For example, one of the highest-frequency mo- 
tions is that of the OH stretch in liquid water, with 
2 period of 10 f, However, this motion involves 
very small displacements, <0.1 A, which is well- 
approximated as motion within a harmonic poten- 
tial, Chemistry, as discussed above, involves far- 
from-cquilibrium motions (angstrom scale) that 
involve highly anharmonic potential energy sur- 
faces. It is these motions that are key to under- 
standing chemistry. The time scales of evolution 
along reaction coordinates depends on the spe- 
cific modes involved and nature of the potential 
energy surface at the barrier-crossing region. 
For the present purposes, we can use 100 f& as the 
canonical shutter speed needed to capture the 
primary motions involved in directing chemistry. 

Now, consider the lighting requirements, If 
‘we wish to capture atomic positions, we need a 
source with cartier wavelengths comparable with 
cor smaller than the interatomic spacing. This re- 
quirement restricts the source to either hard x-rays 
or high-energy electrons. Keeping within this eam 
cra analogy, image quality always 
depends on having sufficient light- 
ing. The faster the shutter speed, the 
brighter the source needs to be to 
keep the image quality for a given 
detection method. In terms of the 
machine physics, it was the source 
brightness that was the biggest tech 
nical challenge, as will be elaborated 
on below. 

Last, consider the film require- 
‘ments fora molecular movie camera. 
The film providing the image is the 
sample. The highest spatial resolution 
is generally attained by using single 
crystals and resolving. atomic struc- 
ture through difffaction or reciprocal 
space imaging, The exposure time of 
the film or sample is limited by x-ray 
and electron-induced damage and 
leven more greatly limited by the dam- 
age introduced by the excitation pulses 
needed to trigger the chemistry of 
interest (vide infra). The sample is 
always the limiting factor in erystal- 
lography. However, the demands on 
acquiring suficion high-quality sam- 
ples for diffiaction reaches a new 
scale in time-resolved measurements, 
Ideally, one would like on the order 
of 100 time points for sufficient 
dynamic range. If each observation 


damages the sample under the required sampling 
conditions (laser excitation), the sample require- 
ments for time-resolved crystallography become 
‘enormous relative to conventional crystallography. 
‘This challenge has been met through ingenious 
schemes by using acrosolliquid jet injectors (3) 
and self-assembling crystallography chips (4, 5) 
capable of providing thousands to millions of 
samples or frames for making molecular movies. 
"Nevertheless, as in all crystallography itis the sam 
ple that is most limiting with respect to resolution. 

One has to also consider the background 
problem or image contrast within this analogy. 
‘The interconversion of matter from one form 
to another is a rare event involving nuclear fluc- 
tuations over a barrier separating two or more 
stable forms of arranging the constituent atoms, 
For even relatively small bares (<0.5 eV), at any 
‘given instant there is less than 1 in 10° molecules 
‘within an ensemble undergoing a thermally accessed 
banier crossing, How could you ever discam the 
reactive motions from background? 

(One possibilty isto trigger chemical processes, 
by using perturbative methods. This methodology 
has been advanced to the limit of the fundamen- 
tal time scales of chemical processes (6). It is 
now fairly routine to access the relevant time 
domain with commercially available femtosecond 
laser systems, with even the attosecond (10 s) 
time domain within reach (7). Accessing such 
time scales does not rely on a fast detector but 


Fig. 1, Phototriggered chemistry. The basc requirement for observing farfrom- 
ecuitrium reacion modes is shown schematcaly. Optical excitation wth femtosecond 
laser pubes prepares the sytem under barrels conditions on an excited state surface 
(6 +S transtion, Even for complex moleaar systems, the mations distill down to 
few modes that are mast strongly coupled to the reaction coordinate, Here, two heavy 
reduced modes are shown that are representative of an isomesization process (uch as 
an inal step of vision) involving 2 bond elongation or bond weakening (Q1) and 
torsional motion (Q2). The time course & indicated as equal time steps in tracking the 
atomic motions to give some feel of how the ensuing motion of the atoms move in 
response to the potential energy gradients or reaction forces [adapted from (79). 
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rather on stroboscopic methods in which an ex- 
citation pulse perturbs the system, and at a well- 
defined time delay, the system is probed. In this 
manner, the recording can be made with a slow 
detector in which each time delay represents one 
fame in the movie of the dynamical variables 
being probed. The time resolution is determined 
not by the detector but rather by the duration of 
the excitation and probe pulses. The phototrigaer 
for the structure changes involves exciting the 
system from an equilibrium distribution to a new 
point on the many-body potential energy surface 
that leads to the chemistry of interest, as shown 
schematically in Fig. 1. One typically needs quan- 
tum yields of at least 10% to extract the nuclear 
motions involved in the chemistry from competing, 
relaxation channels. At this level of perturba 
tion, the system is generally not fully reversible, 
‘and the sample needs to be exchanged between 
the next excitation-probe sequence. For conven- 
tional studies of static structures using x-rays, it 
is usually the x-ray probe that causes accumulated 
sample damage. For femtosecond time-wsolved 
studies it isthe excitation pulse that leas o sample 
damage. It is almost by definition: IF one is in- 
terested in chemistry, the very act of triggering a 
chemical reaction (or other structural transitions) 
involving thermally stable product states will lead. 
to an imeversible change. It is the irreversible 
nature of the system response that imposes such 
‘enormous requirements on source brightness and 
‘makes the problem so challenging. 
‘The consequences of this seemingly 
trivial technical detail need to be fully 
appreciated. As a generalization, it is 
not good enough to have simultaneous 
subatomic resolution and femtosecond 
time resolution. Within the restricted. 
sample constraints (limited “film foot 
age”), the problem requires sufficient 
source brightness to achieve femto- 
second time-resolved structural dynam- 
ies near-single-shot conditions, This 
level of source brightness has been 
achieved by using new concepts for 
generating femtosecond electron or 
x-ray pulses to serve as the strobo- 
scopic probe. The source brightness 
is now sufficient to ight up atomic 
motions via diffraction on the pri- 
mary time scales dictating structural 
transitions (2, 8, 9) 


Evolution in Time- 
Resolved Crystallography 

The fit atomically esolved static sruc- 
tures were based on x-ray diffaction 
that date back to the days of Bragg 
and Laue (J0, 12). Electrons for the 
most part have been used for real 
space imaging, although a number 
of important protcin structures have 
been solved with electrons at various 
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‘resolution limits (/2). The mean free path (coherent 
interaction length) depends on the scattering cross 
section and is dependent on composition. For 
low Z materials such as organics, the electron 
mean free path ison the order of 100 nm, depend- 
ing on electron energy. This short coherent sam- 
pling depth limits the crystals that can be studied, 
although electrons are well suited for protein nano- 
crystallography and tomographic methods for 
structure determination (/3). The much better match 
betwoen the mean fee path of x-rays and typical 
dimensions of high-quality crystals have made 
sc-nays the primary source for high-resolution struc- 
ture studies that use diffiaetion. For time-resolved. 
studies, the x-ray-probed volume of interest is no 
longer defined by the crystal dimensions but by 
the excitation process, For the femosecond time 
resolution needed to capture atomic motions, the 
‘peak power of the excitation pulses limits the sam- 
piles’ thickness or excited volume to micrometer 
dimensions to avoid excessive (lerawatls por square 
centimeter) peak power artifacts, such as multi- 
photon ionization of the samples (/). There are 
‘additional considerations with electron probes fo 
avoid bluning fom multiple electron scattering 
‘There ae standard methods for sample preparation 
developed for electron microscopy that enable 
preparation of sub-micrometer samples to meet 
both conditions. The main difference between 
electron and x-ray sources reduces to spatial cohe- 
rence and information content per scattering event. 
‘There are also substantial differences in infrastruc- 
ture requirements as well as source stability that 
factor into the choice of source fora given experiment. 
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Electron Source Development 
‘The major challenge in increasing the brightness 
of electron sources is the inherent coulomb re- 
pplsion between electrons. Brightness here is de- 
fined operationally in terms of the contrast in the 
Aiffraction observable because the spatial focus 
and intensity are coupled parameters. The higher 
the electron bunch density or intensity and the 
langer the transverse spatial coherence, the brighter 
the source, One way around coulombic repul- 
sion issues, referred to as space charge effects, 
is to use very few electrons per pulse wit single 
electron pulses being the ultimate limit to com- 
pletely remove space charge broadening effects 
‘The first experiments of chemical interest were 
confined to low brighiness sources and gas phase 
systems (14-18) for rapid sample exchange 
‘The time resolution was limited to the fow- 

second time scale by transit time differences for 
the electron and laser excitation pulses through 
the sample (79). The achieved time-resolution 
limit was perfect for resolving transient interme- 
diate structures but not for determining the exact 
pathway though a barier or curve-crossing re- 
‘zion in the excited state surface. These first gas- 
phase experiments were pioneering studies and 
are sill considered impressive accomplishments 
in low signal detection that have yet to be surpassod 


Time-resolved crystallography provides sub- 
stantially higher spatial resolution and expands the 
problem selection to condensed phase systems. 
‘The higher spatial resolution arises from having 
many orders of magnitude more molecules aligned 
under identical conditions, thus amplifying the 
difftuetion process and increasing the signal-o- 
noise ratio for structure determination. In prin- 
ciple, single-electron sources could be used for 
such studies (20, 27). However, one needs to col- 
lect on the order of 10° to 10° diffracted electrons. 
for a reasonable diffraction pattem (22), depend- 
ing on the complexity and size of the unit ect 
Statistically, to ensure single-electron pulses this 
class of measurement would then reguire find- 
ing system capable of more than 1 ploy 
les o 10F sanples, Photoinduced chemistry in 
the solid state generally involves imeversible changes, 
as discussed above. The photoexcited volume also 
undergoes very slow thermal cooing ofthe absorbed 
photon energy, which further conspires to limit 
sampling rates to unacceptably long data acquis 
tion times in order to avoid thermal artifacts. There 
is no real substitute for high brightness sources for 
this class of experiment. Given the inherent space 
charge or coulombic repulsion effects associated 
‘with electron sources, the brightness requirements 
seemed to be an intractable problem for electrons. 
‘The first major advance in electron source 
brightness came from a numerical solution to the 
‘coupled equations of motion of some 10,000 elec 
trons in modeting experimental conditions for 
clectron pulse propagation in time-resolved dif 
faction experiments (23). These calculations showed 
that the space charge broadening was confined 
primarily to temporal broadening, and that within 
limits, the transverse spatial coherence could be 
maintained for atomic structure determination with 
suitable beam focus. This number of electrons is 
near the single-shot limit for atomic structure de- 
termination of relatively simple unit cells. Most 
important, the calculations showed that high bunch 
‘charge-density electron pulses do not lose space- 
time correlation and that nonrelativistic electrons 
naturally develop an extremely linear chirp dur- 
ing pulse broadening, Basically, electrons at the 
front of the pulse stay tthe front, and electrons at 
the back stay atthe back as they experience cou- 
ombic pulse broadening effects. Two means of 
generating electron pulses with sufficient cober- 
fence and bunch charge for single-shot imaging 
with atomic resolution emerged. One solution 
‘was to develop extremely compact electron guns 
to prevent excessive pulse broadening with prop- 
agation (8, 24). This solution required some re- 
thinking of high-voltage feedthroughs and electron 
‘optics, but itis the simplest and most robust eloc- 
tron source concept for this class of experiments, 
‘The other solution exploits the highly linear 
chirp and conserved spatial correlation so as to 
temporally compress the pulses at the sample 
Position. There are a number of dispersive elements 
for electrons, similar to prisms and gratings for 


optics, capable of compressing such highly linear 
chirped pulses with high fidelity. The most cle- 
gant solution involves the use of a radio fre- 
quency (rf) cavity to compress the pulses on axis 
for either shorter pulse generation (25) or higher 
brightness on target (26). Both the compact and rf 
‘gun concepts are capable of between 10° and 10° 
lectrons, with effective time resotution on the or- 
der of 100 f& The time resolution can be further 
improved to ~30 fs through rf pulse compres- 
sion by using time stamping methods to correct 
for timing jitter ofthe rf pulse compression tech- 
nology (27). Taking into account the approximate- 
ly 10°-higher scattering cross section of electrons 
relative to x-rays and the need for thin samples, 
this source technology is comparable in both time 
resolution and detected particle flux with XFELs 
(10 x-ray photons/pulse) for femtosecond time- 
resolved crystallography (vide ina). In this sense, 
these sources are ultrabright. Further increases in 
electron source brightness are possible with rela- 
tivistic electron sources that greatly reduce pulse 
‘broadening effects (28, 29), with 10 fs time res- 
‘olution within reach (J, 30), The main dissxivan- 
tage of electrons is the more involved sample 
preparation. The clear advantage of electrons is 
that this source technology is tabletop and pro- 
Vides a very stable soure for achieving high signal 
to-noise femtosecond diffraction pattems. 

‘The first grainy pictures with sufficient dfinc- 
tion orders to resolve atomic motions involved 
ina structural transition on the prerequisite sub- 
picosecond (10° s) time scale are shown in Fig. 
2A (8). These frames catch the simplest possible 
structural transition—the act of melting —but un- 
der rather special boundary conditions involved 
‘with strongly driven phase transitions. The par- 
ticular question being addressed by this work dates 
back to a long-standing debate in the 1930s con- 
coming the onset of the liquid state (3/). This 
issue also has ramifications for understanding the 
state of matter in other extreme conditions, such 
a the interior of planets or stars (32). To put this 
‘question in proper context, consider the melting 
of a block of ice, We all know ice melts trom 
the surface. We also know that if we directa blow 
torch to the ice it will melt faster. This everyday 
‘experience is referred fo as heterogencous nucle- 
ation. What if you could heat up a material so fast 
that based on extrapolations of heating rates and 
melt velocities, you would predict that the mate- 
tial should melt faster than the atoms could move 
‘or, more correctly, faster than the speed of sound? 

The answer can be gleaned from this data 
(Fig. 2A) directly, without a high level of analysis, 
‘The experiment used a special “blow torch’—in 
this ease, a femtosecond laser system—to achieve 
heating rates approaching 10!* Kis for Al (as 
‘opposed to ice in the above analogy). At S00 fs, 
‘you can sce high-order diffraction rings illustrat- 
ing that the Al is still in its nascent face-centered 
cubic (FCC) lattice, At 1.5 ps, you can see these 
tings become dimmer asthe initially photoexcited 
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electrons lase energy to lattice phonons The increase 
in root mean square (RMS) motion of the atoms 
reduces the lattice coherence and corresponding 
diffraction as described by temperature-dependent 
Debye-Waller factors. The most astonishing event 
happens between 2.5 ps and 3.5 ps, There is an 
incredibly fast lattice collapse in which bonds are 
‘broken and the first coordination number of the 
FCC lattice goes from 12 to an ensemble aver- 
age of 10 for the unstructured shell-like structure 
‘ofa liquid. Once reaching the critical point for this 
degree of superheating, the whole melting process 
‘occurred within 1 ps. This time scale has to be 
filly appreciated. This is 10 times faster than this 
process could occur through noma heterogeneous 
nucleation. Rather than melting from the surface 
in an “outside-in” fashion (heterogeneous nucle- 
ation), the system was melting fiom the “inside- 
‘out” (homogeneous nucleation), This provided 


Fig. 2. Evolution in femtosecond electron diffraction. (A) The first grainy frames of an atomic movie of the 
melting of AL under strangly driven conditions. I is possible to see by eye the increased thermal motion leading bond breaking 
(O55 to 25 ps) and collapse of the FCC lattice to the shelltke structure of a liquid (25 and 3.5 ps) (B) The real space 
transform (8) (C) The dramatic improvement in femtosecond electron difacton, in which itis possible to diredly observe 
(eciprocal space) the atomic motions involved in the suppression of COWS in TaSe> for a single difraction order out of 
hundreds to give the structural changes. An expanded view ofthe two different structures as observed in electron diffraction is 


an atomic view of homogeneous nucleation that 
could be used to test the accuracy of atomistic 
molecular dynamics calculations (33). From the 
real space transform, it was possible to discern that 
the largest changes involve shear atomic motions, 
with the collapse of the transverse barrier as part 
of forming the liquid state 

‘These observations showed how to control 
nucleation growth to as few as 10 atoms and 
avoid cavitation-induced shock waves and ther- 
mal damage in laser-driven ablation. On the basis 
of this new insight, a picosecond infrared laser 
tuned to the OH stretch of water in tissue was 
developad for laser surgery, with the correct tem- 
poral profile to restrict nucleation growth, This 
method has now been shown to be capable of 
cutting tissue without scar tissue formation (34). 

Subsequent work in the area has primarily fo- 
‘cused on photoinduced phase transitions. On the 
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shown with a schematic representation ofthe atomic motions captured on the 100-f time scale (38). 
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femtosecond time scale ofthe photoexcitation pro- 
cess, the lattice is effectively frozen, The optical 
transition to a higher lying clectronic state instan- 
taneously changes the electron distribution relative 
to the time scale of nuclear motions. This provides 
an opportunity to observe the effects of chan, 
clectron distribution and electron correlation ct 
gies on bonding by observing the atomic motions 
in response to these changes. These studies in- 
clude strongly driven phase transitions involved 
in nonthermal melting or electronically driven nu- 
cleation effects (35, 36); creating states of warm 
dense matter with a counterintuitive apparent in- 
crease in bond strengths at high excitation levels 
(42); and the observation of highly cooperative, 
‘coherent, responses to weak perturbations of stron- 
«ly correlated electron-lattice systems (37). With 
respect tothe latter case, the highest-quality atomic 
movies of structural transitions have been observed 
in layered compounds that exhibit 
interesting two-dimensional effects 
‘on electron comelation energies and 
bonding [(/, 37), movies]. Charge 
density waves (CDWs) are examples 
in which a small modulation of the 
atomic positions in the plane leads 
collectively to higher overall lattice 
stability. By photoinducing a change 
in charge distribution, this delicate 
balance in forces between intra-and 
interplane coupling is modified, and 
the lattice relaxes to a higher sym- 
metry state. The atomic movie of the 
photoinduced suppression of the 
CDW modulation in TaS, is par- 
ticularly interesting; one can observe 
a dramatic effect in which both the 
suppression and reformation of the 
‘CDW occur at the fundamentally 
fastest possible speeds. This work 
has been extended to other related 
systems (38, 39), such as TaSe, (Fig. 
2, B and C), in which one observes 
similar effects—however, with im- 
portant differences owing to differ- 
ent inter-plane couplings. When one 
‘observes such a collective effect at 
the atomic level, there is an imme~ 
diate appreciation of the highly co- 
operative nature of strongly correlated 
clectron-lattice systems. The visual 
‘connection to the many-body effects 
helps to drive home the operatin 
physics ina single measurement. Ef 
fectively, it is a direct observation of 
the electron-latice coupling. 

From a chemistry perspective, the 
real power of high-bunch charge and 
brightness electron sources has been 
recently demonstrated by using fem- 
tosccond crystallography to follow 
the photoinduced reaction dynam- 
ics of organic systems (40, 41), the 


7 MARCH 2014 


111 


“Crystallography at 100 


HEE vn sciencemag.orgispecialerytallography 


mainstay of chemistry. This class of materials in- 
variably has low thermal conductivities and involve 
large-amplitude motions as part of the reaction 
«dynamics that greatly limit the sampling rate and 
‘number of photocycles. In addition, organic sys- 
tems have much more complex structures than do 
the solid-state systems discussed above, The de- 
velopment of high-brightness electron sources was 
key to opening up this class of study. To gain some 
appreciation of the quality of the diffraction data 
that made this possible, compare Fig. 3, a weakly 
scattering organic system, with Fig, 2A to soe the 
dramatic improvement with source brightness. 
‘Thore were hundreds of diffaction orders that went 
‘ut to beter than 0.4 A to serve as constraints in 
the determination of the time-dependent struc- 
tures. The signal-to-noise rato ofa single diffraction 
‘order is comparable with high-quality, integrated, 
all-optical pump-probe measurements, but with 
direct connection to structure [(40), figure 2, and 
(), movies) 

‘This improvement in source brightness enabled 
‘a dynamic observation ofthe photoinduced structural 
‘changes in the interesting charge-ondered onganic 
system comprising ethylenedioxytetrathiafalvalene 
(EDO-TTF) and PF,- counterions, 
(EDO-TTF)»PF;, shown in Fig. 3 


in the local field that will exert a force on the coun 
terion, The PF, ion is rather large, and its motion, 
through steric effects, couples the other modes. 
‘The projections along the three reaction coor- 
dinates (Fig. 3C) look like shadow projections 
‘of one another, the modes are strongly correlated 

One typically uses an approximate frozen slice 
‘of a many-body potential to discuss reaction co- 
ordinates and get a fel for the forces and types 
‘of motion involved in directing the process. How- 
‘ever, these results show that the modes are dy- 
namically coupled and that one cannot intuitively 
‘guess which modes are involved or the relative 
dogree of coupling. In principle, time-dependent 
ab initio theory can provide the information on 
the relative degree of coupling between the dif- 
ferent possible motions (1). There isa limit. Even 
the highest level of time-dependent ab initio 
theoretical methods have to use highly truncated 
model systems to approximate typical chemical 
reactions. In this respect, theoretical calculations 
Of reaction coordinates are generally projected 
along the modes found to be most strongly cou- 
pled to the reaction coordinate, Given the level 
Of approximations required in treating electron 


comrelation energies and highly simplified model 
structures, the observed reduction in dimension- 
ality even within fall modal basis calculations 
might be considered to be a consequence of the 
truncated moiety used to model the reaction co- 
ondinate. We now see that this approach can be 
experimentally justified for even very complex 
systems. There is in fact an enormous reduction 
in dimensionality that again is the key to how 
chemistry reduces to transferrable concepts in 
the form of reaction mechanisms, 

‘The other study of an organic system with the 
‘nocessaty space-time resolution to directly observe 
the correlated atomic motions through barrier- 
crossing regions was that of the ring-closing re- 
action of diarylethene (41, 42), This study was 
distinct in that the process is strictly a chemical 
reaction and involved bond formation, as opposed, 
to bond breaking It is generally difficult to set up 
conditions without major entropic bariers to bond 
formation, The diarylethylene system was specif- 
ically designed to give high quantum yields for 
cyclization to serve as an efficient photochromic 
‘material, capable of undergoing more than 10,000 
photon cycling processes (43). This system would 


This system can be photoswitched 
from insulating to metallic properties 
(40) by means of a. chargetrnstix 
process strongly coupled to nuclear 
‘mods, stabilizing the change in charge 
distribution, as shown schematically 
in Fig. 3, Inspection ofthe differences 
between the insulating and metallic 
structures shows that the formation 
of the metallic state involves the flat 
{ening ofthe EDO-TTF moietics. The 
displacement of bending mode to- 
‘ward this planar configuration would 
lead to an increase inthe r-x wave- 
function overlap between molecules 
and increased electronic delocaliza- 
tion as part of the onset to metal- 
lic properties. Within a conventional 
transtionstate picture, one would 
naturally expect the bending coordi- 
nate to be the dominant mode in his, 
process. However, this simplified line 
of thinking only works for few atom, 
systems. Considering just the mole- 
cules within a single-nit cll, this 
problem involves over 280 different 
dogrees of ffeedom or dimensions. 
However, twas found that all ofthe 
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diffraction orders could be fit by the 
displacement of just three reduced 
‘modes (Fig. 3C) in which the mo- 
tion of the heavy PF, counterion ap- 
peas tobe the key mod n hindsight, 
this observation is understandable be- 
‘cause the photoinduced change in cle- 
tron dstbution will a to change 


Fig. 3. Reduction in dimensionality. (A) Molecular structure of EDO-TTF. (B) Representative electron diffraction 
pattern to illustrate the high quality of diffraction. (C) The structural changes can be mapped onto three reduced-reaction 


‘coordinates (Ep, motion ofthe PF, counterion; ,, bending coordinate; and E, sliding motion ofthe rings) that stabilize 
the change in charge distribution, leading to electron delocalization and metallic behavior. The projections along these 
three normalized coordinates are highly correlated, indicating strong coupling between these nominal reaction modes. 
(D) Schematic depiction of the motion along these modes is given to provide a sense of the motions involved, from the 
insulating structure (1), to a transient intermediate structure (75), to the final metallic-tike structure (HT), with direction 
‘of motion indicated by the arrows and superposed structures for some sense of animation {from (40)]. 
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appear to be an ideal candidate for even single- 
clectron pulse probes, However, this degree of 
pphotocycling is only for low fractional excitation, 
tthe excitation levels needed to observe the struc- 
tural changes above background, even this system 
is only capable of ~100 photocycles before ire- 
versible changes occur. 

This system provides a classic example of a 
cyclization reaction with conserved stereochem- 
istry. As in the case of (EDO-TTE).PF,, there is 
‘an enormous reduction in the nuclear degrees of 
freedom coupled to the reaction coordinate, A 
dotailed correlation analysis of the femtosecond 
time-resolved diffraction pattems for the ring 
closing reaction found that there is an initial motion 
‘occurring around the central bond that involves 
the whole molecule and brings the labile carbon 
toms involved in the bond formation into clase 
proximity (Fig. 4), With these results, it was pos- 
sible to connect the actual atomic displacements 
that are best approximated by the lowest frequen 
cy, $5 em ! (41, 42), found in a vibrational mode 
analysis using density function theory. This is 
the key mode that directs the system to the seam 
in the reaction coordinate (Fig. 4A). The question 
is how does such a spatially delocalized mode 
lead to the highly localized motions needed to 
close the ring? Again, there is a surprise, These 
latter displacements leading to bond. formation 
‘and ring closing occur on a picosecond time scale 
involving highly localized rotational motions (47), 
From a time-dependent ab initio calculation, using, 
‘a truncated model system, these relaxation pro 
cesses involve additional seams connecting the 
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product and ground state from the excited state. 
Experimentally, it was possible to cast out a se- 
ries of localized rotational motions that mix to 
produce the ring-closed form. The ultrafast nature 
of this process clearly separates the possible modes 
that are involved and highlights the importance 
Of sufficient space-time resolution to connect the 
initial low-frequency mode to the localized rotu- 
tional coordinates. It is the mixing of modes under 
the highly anharmonic conditions in the barrir- 
‘russing region that leads to the localized motions 
and concepts of breaking the weakest bond that 
‘chemists have empirically leamed to contra. 


ray Source Development 
‘The firs time-resolved x-ray diffation experiments 
to achieve picosecond to sub-picosccond time res- 
lution were accomplished with laser-based x-ray 
plasma sources and Thomson scattering (44-48). 
‘The source brightness was initially insufficient to 
resolve more than a single rocking curve, so it 
‘was not possible to connect to structural changes. 
‘These inital studies were confined tothe study of 
systems with wellefined, fully reversible atomic 
motions, such as lattice heating and impulsive 
‘excitation of atce phonons. However, twas pos- 
sible even within this limited information to pro- 
vide new insights into the structural dynamics. 
As a case in point, it was possible to distinguish 
structural relaxation dynamics forthe photoinduced 
phase transition in VO. (49), whereas previously it 
‘was impossible to separate the electronic and 
nuclear terms in transient spectra, even without 
fall atomic details. 


SPECIALSECTION 


‘Thenest major advance in time-resolved x-ray 
crystallography came through the exploitation 
of the time structure of the circulating pulses in 
third-generation synchrotron light sources. These 
studies were capable of full atomic resolution, al- 
beit with onders-of-magnitude-lower time resolu- 
tion asa compromise. The key advance ofthis work 
‘over the laser plasma sources was the ability to use 
Laue diffraction (broader bandwidth and more 
information) to maximize the sampled reciprocal 
space (50-54). This feature in tum reduced the mum 
ber of crystal orientations needed to make data ac- 
‘quisition for time-resolved measurements tractable, 
‘The initial studies were confined to nominally sub- 
nanosecond time resolution by the pulse duration 
of the electron bunch in the ring. There were also 
substantial challenges in coming up with new an- 
lytical methods for extracting atomically resolved 
transient structures from the unexcited fraction of 
the crystal (55). Long-lived excited states involving, 
intersystem crossing of spin-forbidden transitions 
and heavy-metal enters were specifically engineered 
to provide model systems for testing various as- 
pects of quantum calculations for excited states 
(56). The field of time-resolved crystallography 
quickly evolved, in which it was possible to resolve 
important details regarding the transient interme- 
diate structures involved in photochemical reac- 
tions to bond displacements convolved to changes 
in spin crossover materials (57), These latter studies 
‘explored the quantum mechanics of how electrons 
change spin, 

The time resolution of these synchrotron- 
based sources was improved by a factor of 10° 


Pte 


Fig. 4. Observation of the primary motions involved in bond formation 
and ring cyclization. (A) The structure ofthe specific daylethene derivative is 
shawn with the photogyde used to follow the ring-dosing reaction. The simplified 
reaction coordinate is showm above for an inital bending motion (Q1) that brings the 


labile carbon atoms within wavefunction overlap followed by lcalzed rotation motions 
(Q2) that dose the ring [surface adapted from (0). (B) Animated view of motions 
recovered from femtosecond electron dfracton tuts, fom the ir 
to the distorted bent structure (gee), tothe final dosedring structure (red. 
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to 10'—to enter the femtosecond domain—by 
using beam-slicing methods, in which an intense 
laser interaction with the electron bunch in the 
ring effectively cuts out a 100-f x-ray slice 
from the bunch (58), There is a corresponding 
reduction in x-ray flux by a factor of more than 
10° with propagation losses. These beam-slicing 
sources now provide very stable, relatively, broad- 
‘band sources for femtosecond soft x-ray spectros- 
copies from which structural information can 
also be retrieved (59, 60) In terms of hard x-ray 
diffraction, the source technology is not bright 
enough to give more than a couple of diffraction 
orders for simple unit cells. This information is 
siill sufficient to resolve the time scale for sruc- 
tural phase transitions, and electronically driven 
‘bond displacements have been tracked on the rel- 
cevant time scales to give new insights into elec- 
tronic factors involved in these effects (61) 

Subsequent to this development, there has 
‘been a major advance in laser-based x-ray plas- 
ma sources. By going to very thin copper-film 
targets and using powder diffraction to increase 
the signal, it has been possible to obtain very- 
high-quality diffraction pattems with 100-f time 
resolution (62). The use of powder difftaction to 
increase the number of diffraction orders was 
important because it also enabled the use of the 
background diffraction (unexcited crystal vol- 
‘ume) of known structure to serve as a hetero- 
dyne source for signal amplification and phase 
retrieval. Orders-of-magnitude-fewer x-ray pho- 
tons are then needed to resolve the structural 
‘changes. This approach bas enabled the inversion 
of the time-dependent diffraction to very-high- 
‘quality electron density maps for the structural 
changes. These maps have been interpreted in 
terms of concerted electron-proton transfer in 
ionic crystals (62, 63), to a very interesting ef- 
fect involving laser field-driven changes in elec- 
tron distribution in LiHl and NaBH, (64). There 
isa limitation in that the excitation process in- 
‘volves a nonresonant multiphoton process to uni- 
formly excite the needed x-ray-probed volume 
for these studies that may lead to multiphoton 
effects. New advances in the drive laser promise to 
increase the x-ray flux by two onders of mag- 
nitude, which will comespondingly decrease data 
acquisition times and enable going to well-defined 
‘one-photon excitation processes for triggering 
the structural dynamics of interest. This approach 
is paving the way to the development of a-ver- 
satile tabletop x-ray source for femtosecond 
crystallography of small-nitcell crystals, 

‘The major advantage of x-rays over electrons 
in femtosecond time-resolved diffaction exper- 
iments isin the study of biological systems. In this 
regard, the spatial transverse coherence of the 
femtosecond electron sourees has not yet achieved 
the magnitude needed to both provide atomic 
resolution and be capable of studying. unit cclls 
beyond 6 nm, which is at the border of protein 
crystallography. New developments in photo- 


cathode materials will likely solve this problem, 
‘but there are fundamental limits to electron source 
brightness that will limit the sizeof protein systems, 
that can be studied, 

‘The interest in time-resolved studies of bi 
logical systems was the driving force for the 
introduction of co-crystallized photolabile caged 
‘compounds for triggering biochemical processes 
(65), well as the breakthrough in time-resolved 
Laue diffraction (5/). To fully resolve the 
functionally relevant motions, the most important 
advance in x-ray sources has been the relatively 
recent introduction of the X-ray Free Electron 
Laser (XFEL) at hard x-ray wavelengths (3, 9). 
‘The average beam current and output power is 
similar to third-generation synchrotrons; how- 
‘ever, the design principle uses compressed high- 
‘energy (10 GeV range) electron pulses to produce 
cextruondinary gain within the undulator so that 
the radiated x-rays can be reduced to the few- 
femtosecond domain, Most important, the oscil 
lating electron bunch radiates in phase to produce 
‘a spatially coherent x-ray beam. The high degree 
‘of transverse spatial coherence is what distin- 
guishes this source from all other x-ray sources. 
‘The decrease in pulse duration, energy bandwidth, 
and increased spatial coherence correspond to an 
overall gain of several orders of magnitude in 
source brightness that can be well defined in 
terms of x-ray peak brilliance (photons/pulse! 
mn mmad/.1% bandwidh) (2, 10). Furthermore, 
the temporal duration and the number of x-ray 
‘photons per pulse rein the perfect range to provide 
single-shot, few-femtosccond time resolution to 
lomic motions (3, 9). However, femtosecond 
time-resolved crystallography with atomic reso- 
Iution has not been achieved to date (17). This 
particular use of XFELs is still very much in the 
development stage, akin to the early use of syn- 
cchrotrons for x-ray protein crystallography (66). 

‘What are the challenges? Firs, the beamline 
involves kilometer-scale linear accelerators to get 
the electron bunch up to the giga-electron volt 
range to enter the undulator. The resultant x-ray 
pulses must be synchronized with the laser 
system used to trigger the structural dynamics 
within the required femtosecond time resolu- 
tion or overall relative pathlength variations of 
Jess than 100 jum on this kilometer scale, There is, 
a time stamping tool in which a reference response 
function to the x-ray pulses is used to define the 
time origin to retrieve ~50 f& time resolution, and 
higher resolution is possible, The other challenge 
is that the x-ray gain involves effectively atravel- 
ing wave amplifier rather than a resonator, as in 
‘an optical laser. The gain is far from being de- 
pleted as it would be in a normal laser oscillator, 
and the initial x-ray photon amplification cascade 
is initiated from noise in the radiated field. The 
source represents a. selfamplificaion of sponta- 
neous emission (SASE) source, There are very 
large (100%) fluctuations in x-ray pulse output 
‘and substantial modulation in x-ray spectrum, 


Seeding greatly reduces the amplitude noise (3) 
and will likely be in routine use inthe near Future, 
In addition, the spectrum is very narow-band as 
compared with synchrotrons so that only a 
‘small fraction of reciprocal space is sampled, 
‘and many peaks for a given crystal orientation 
‘ill be partials, meaning they are off the Bragg 
condition for completely constructive interfer- 
cence in the diffraction process (3) 

‘These obstacles to femtosecond time-resolved, 
‘crystallography have been overcome through shot- 
to-shot normalization, time stamping tools, high- 
throughput sampling, and new data analysis 
methods. The experiments are more demanding, 
than conventional femtosecond laser spectros- 
copy. At present, these experiments require an 
expert user base to further develop the meth- 
odology. The most challenging problem may 
ultimately be the enormous number of crystal 
orientations and demands on sample for this 
class of experiment, For calibration, a typical 
protein crystal structure determination at a syn- 
chrotron facility requires on the order of 100 
different orientations. For a narrow band source 
such as an XFEL, the number of required pro- 
jections increases accordingly. Now consider 
that ideally, one would like 100 time points for 
sufficient dynamic range to the atomic motions. 
In the general case of imeversible sampling, each 
sampled spot is damaged by either the x-rays 
‘or by the femtosecond laser excitation to trigger 
the structure changes. Femtosecond time-resolved, 
x-ray crystallography then requires a minimum 
basis of ~10,000 crystals or sufficiently lange 
crystals fo accommodate this large number of 
shots in onder to provide adequately sampled re- 
Ciprocal space and dynamic range to give atomic~ 
level movies of the structural dynamics of interest 
‘At the very least, the experiment requires two- 
orders-of-magnitude-higher sampling over con- 
ventional crystallography to give the time base. 

The sample issues may seem to be an in- 
summountable problem. However, the use of lange 
‘crystals and orthogonal beam geometries between 
the laser excitation pulse and x-ray probe pulse 
solves the problem of sufficient sample area and 
mismatch between the laser-excited volume and 
xeray-probed volume (53). The time resolution 
is nominally sub-picosccond with this beam geo- 
metry because of transit time differences between 
the x-ray probe and laser excitation pulses. For 
highest time resolution, one would like to use 
near-collinear beam geometies. This geometry then 
requires crystal dimensions on the 10-micrometer 
scale or less for highest time resolution and to 
avoid excessive peak power conditions for the 
‘excitation, In this case, thousands of crystals are 
needed. 

‘As mentioned above, one particularly inge- 
nious solution for the use of XFELs in the study of 
nanocrystals involves aerosol and high-pressure 
liquid injectors (3). Nano- to micrometer-sized 
crystals are shot out of a nozzle under pressure 
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and hydrodynamic focusing in order to give a 
‘well-defined stream of erystals that can then be 
sampled by the x-ray beam downstream. This 
methodology has gone beyond proof-of-principle 
experiments with the high-resolution structure de- 
termination of the disease-causative agent in sleep- 
ing sickness that to date has only bet 
‘grown in vivo as microcrystals (67). As discussed 
in the accompanying article (0), the importance of 
the high brightness of the XFEL is that the dif: 
faction can be atlained before the onset of x-ray 
induced damage so that the highest-quality 
diffraction is attained, limited only by the crystal 
quality, The use of this approach has also been 
recently demonstrated for time-resalyed crys- 
tallography on the microsecond time scale, The 
timing in this case is determined by the travel 
time of the crystal along its flight path from the 
point of laser excitation to the point of the x-ray 
‘beam used for sampling the crystal structure (3,68), 
Normally, one needs to collect a reference dif- 
faction patter (no laser excitation) to index the 
crystal orientation and then compare with the 
diffraction pattem attained with laser excitation at 
some fixed time delay (laser on) in order to deter 
‘mine the changes in diffraction intensities aftr all 
the proper nomalizations, This experiment relied 
solely on collecting enough data, in which the exci- 
tation was high enough to excite all the molecules 
within the crystal 

‘The first experiment focused on the important 
question of the transient structures of the photo- 


system I(PS-1)/ferrodoxin system involved in the 
photoreduction of ferrodoxin as part of the solar 
energy transduction processes in plants. Struc 
tural changes were observed on the 5- to 10- 
microsecond time scale based on the change in 
amplitudes and baseline of what is an eff 
powdler diffraction pattem ((68), figure 3D]. There 
\were not enough diffraction pattems that could be 
indexed to invert to structure. Nevertheless, this 
result illustrates that long-time dynamies can be 
obtained this way, in which long laser excitation 
pulses can be used to excite 100% of the erysta. It 
is not clear that this approach will be suitable for 
femtosecond time resolution, in which only frac- 
tional excitation is generally needed in order to 
avoid excessive peak powers in the laser excita- 
tion, A reference diffraction pattem is important 
in this limit. An altemative approach that has been 
recently demonstrated is to use Si nanofabrica- 
tion methods to make a crystallography chip that 
is capable of self-assembling thousands of crystals 
in seconds on an array of specifically designed 
features so as to spatially localize the crystal and 
introduce random orientations (4, 5). This solu- 
tion may also facilitate the use of synchrotron 
rmicrofocus beam lines for high-throughput pro- 
tein crystallography. Most important for time re- 
solved studies, it enables a reference diffraction 
pattem to be collected. The basic principle of load- 
ing the crystallography chip was demonstrated by 
using fluorescently labeled polystyrene parti- 
cles 2 jm in diameter [(4), figure 4}. For this size 


tive 


SPECIALSECTION 


of particle, the features of the chip can be used 
fir size exclusion, and the density of the chip can 
approach 1 M-crystal pixelsiem* with 75% fill 
factors. This concept uses the least amount of 
material possible, which isa critical consideration 
for precious protein crystals. There are a num 
ber of experiments in the pipeline that use dif- 
ferent sample delivery systems, and one can expect 
‘groundbreaking experiments to be reported in 
the coming year 

‘The extension of femtosecond time-resolved 
‘crystallography to the study of protein dynam 
ies will be an important development. In this 
ward, proteins have evolved to control barrier 
heights and thereby optimally control the trans- 
duction of stored chemical potential into func- 
tions. It is the passage over the barrier (on 100-8 
time scales) that inextricably links chemistry to 
biology. In chemical terns, this problem becomes 
extremely interesting in terms of scaling chem- 
istry to the next length scale of molecular syn- 
thesis. Taking into consideration the enormous 
reduction in dimensionality that occurs in rela- 


tively simple molecular systems, how can we 
make any sense of biological systems? The 
number of nuclear degrees of freedom for one 
of the simplest biological systems that serves 
as our benchmark for molecular cooperativity is 
the binding of oxygen to heme proteins (Fig. 5) 
This problem involves literally thousands of 
degrees of freedom. The chemistry aspects oc- 
ccur at the binding site, Here, one can define the 


B helix 


E helix 


@ Belore photolysis 
‘After photolysis 


Fig. 5. Chemistry driving functionally relevant protein motions. (A to D) 
The structural changes following photodissociation of the CO ligand of 
carboxymyoglobin are shown at various time points, as indicated by the color 
aradients in the electron density maps [from (53)]. These motions are shown 
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schematically in (E) using the corresponding protein data bank files 2G0V 
(200 ps) and 2610 (3.16 ns). The earliest time point at 100 ps illustrates that 
the CO ligand has moved 2 A from its binding site after bond breaking, along 
with substantial protein motions not resolved within this time resolution. 
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‘Crystallography at 100 
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active site as the chemical system and the sur- 
rounding protein as the bath, The big questions 
surround the coupling between the chemistry at 
the active site and the surrounding protein that 
leads to changes in protein structure, which cas- 
cades into molecular feedback control of cou- 
pled chemical reactions and biological functions 
(69-71). On the basis of the observed time scales, 
biological systems clearly course grain sample 
their potential energy surface to direct chemical 
energy into fimetions (72). Nature has highly 
‘optimized the system-bath coupling to take ad- 
‘vantage of the inherent correlations imposed on 
the evolved structures. In this regard, the impor- 
tance of collective modes in describing stochastic 
fluctuations of proteins have long been ident- 
fied (73-76). There is also experimental evidence 
that has led tothe collective mode-coupling mod- 
el to explain the relationship between the chem- 
‘sty and the fimetionally evant motions encoded in 
protein structure (69, 70, 77), These anhamonic 
motions are highly damped to overdamped relaxa- 
tion modes and are not amenable to spectroscopic 
investigation, The direct observation of the highly 
ccomelated motions involved in biological response 
functions will give us our most fundamental 
{atomic-) level basis to understand the structure~ 
function correlation in biological systems, 
How close are we to this goal? Shown in 
Fig, 5 is the high degree of information avail- 
able with full atomic resolution in catching pro- 
tein structural changes, This particular study (53) 
is representative of a number of related studies 
(50, 51, 78). The time resolution in following 
the dynamics of CO dissociation in myglobin in 
this case was 150 ps (53), One can clearly see 
highly localized changes involved in the ligand 
dissociation and spatial transport out of the 
protein, The motions appear to be localized, but 
there is a high degree of steric coupling between 
the protein fluctuations and motion of even a 
simple diatomic molecule. The structural changes 
must involve correlated motions over some un- 
‘known length and time scales. Imagine if we could 
‘watch the chemistry unfold atthe active site and its 
coupling to the protein motions on the 100-f time 
scale to catch these details. We are getting close. 


Summary and Future Outlook 
‘The technical challenges posed for the develop- 
ment of ultrabright electron and x-ray sources 
for the observation of atomic motions have been 
met. As we enter this new age of stom gazing, we 
hhave already been able to see the enormous reduc 
tion in dimensionality in bariercrossing regions 
that makes chemical concepts transferrable from 
‘one molecule to another. We now have the tools fo 
directly observe the farfrom-equiibrium motions 
that lead to chemistry. Each class of chemical re 
action will have a distinct power spectrum related 
to the key modes that most strongly couple to the 
reaction coondinate. It is early days, but it may 
‘be possible to one day categorize these far-ffom- 


‘equilibrium reaction modes in much the same 
‘way that we discuss normal modes in vibrational 
spectroscopy in relation to equilibrium fluctuations. 
‘These new advances will provide the benchmarks 
for driving progress in time-dependent ab initio 
theoretical methods in onder to understand chem- 
istry on a grander level. Additionally, these new 
insights will equally improve our understand- 
ing of the structure-function relationship in biolog- 
ical systems and ultimately may lead to a systematic 
basis for categorizing protein structural motif in 
tems of controlling the system bath coupling — 
coupling between active sites and the surounding 
protein. At this point, we will be able to connect 
sinicture to dynamics in improving rational control 
‘of chemistry from synthesis to drug design. 

‘The primary events of chemistry can now be 
studied atthe atomic level of inspection over the 
relevant length and time scales, and an atomic- 
level basis for understanding the connection 
between chemistry and biology is in sight. Im- 
‘provements in source brightness will continue as 
needed. The real challenge is the development 
‘of systems that can be optically triggered fo probe 
different aspects of chemistry and biology. 

Crystallography brought us our first atomic 
pictures of matter. With brighter sources, itis now 
‘enabling the connection between structure and dy- 
namics in how things work at the atomic level of 
detail. Not being able to resist the pun, the fture 
of femtosecond crystallography’ is bright indeed. 
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Dynamic Reorganization of River 
Basins 


Sean D. Willett," Scott W. McCoy, J. Taylor Perron, Liran Goren, Chia-Yu Chen 


Introduction: River networks, the backbone of most landscapes on Earth, collect and transport 
water, sediment, organic matter, and nutrients from upland mountain regions to the oceans. 
Dynamic aspects of these networks include channels that shift laterally or expand upstream, ridges 
that migrate across Earth’s surface, and river capture events whereby flow from one branch of the 
network is rerouted in a new direction. These processes result in a constantly changing map of the 
network with implications for mass transport and the geographic connectivity between species or 
ecosystems. Ultimately this dynamic system strives to establish equilibrium between tectonic uplift 
and river erosion. Determining whether or not a river network is in equilibrium, and, if not, what 
changes are required to bring it to equilibrium, will help us understand the processes underlying 
landscape evolution and the implications for river ecosystems. 


Methods: We developed the use of a proxy, referred to as z, for steady-state river channel eleva 
tion. This proxy is based on the current geometry of the river network and provides a snapshot of 
the dynamic state of river basins. Geometric equilibrium in planform requires that a network map 
of x exhibit equal values across all water divides (the ridges separating river basins). Disequilibrium 
river networks adjust their drainage area through divide migration (geometric change) or river 
capture (topologic change) until this condition is met. We constructed a numerical model to demon- 
strate that this is a fundamental characteristic ofa stable river network. We applied this principle to 
natural landscapes using digital elevation models to calculate x for three, very different, systems 
the Loess Plateau in China, the eastern Central Range of Taiwan, and the southeastern United States. 


Results: The Loess Plateau is close to geometric equilibrium, with z exhibiting nearly equal values 
across water divides. By contrast, the young and tectonically active Taiwan mountain belt is not in 
equilibrium, with numerous examples of actively migrating water divides and river network reor- 
ganization. The southeastern United States also appears to be far from equilibrium, with the Blue 
Ridge escarpment migrating to the northwest and the coastal plain rivers reorganizing in response 
to this change in boundary geom- 
etry. Major reorganization events, 
such as the capture of the head- 
waters of the Apalachicola River 
by the Savannah River, are readily 
identifiable in our maps. 


Discussion: Disequilibrium con- 
ditions in a river network imply 
greater variation of weathering, 
soil production, and erosion rates. 
Disequilibrium also implies more 
frequent river capture with impli- 
cations for exchange of aquatic 
species and genetic diversifica- 
tion. Transient conditions in river 
basins are often interpreted in 
terms of tectonic perturbation, but 
our results show that river basin 
reorganization can occur even in 
tectonically quiescent regions such 
as the southeastern United States. 
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FIGURES IN THE FULL ARTICLE 


Fig. 1. River basins and river profiles in 
equilibrium and disequilibrium, 


Fig. 2. Effect of drainage area change on 7. 
Fig. 3. Numerical model of drainage divide 


Fig. 4. Map of x for part of the Loess Plateau, 
China. 


Fig. 5. Map and perspective views of x for 
part of the eastern Central Range, Taiwan. 


Fig. 6. Map of x in river basins of the 
southeastern United States. 


Fig. 7. The Savannah and Apalachicola river 
capture, 


Fig. 8. Diseq) im basins of the North 


Carolina coastal plain. 


SUPPLEMENTARY MATERIALS 


Figs. S110 S15 
Tables 51 and 52 
Movie $1 
Databases 51 to $9 


Maps of 7 for two river networks. (A) Part of the 
Loess Plateau, China. The values of are nearly equal 
across drainage divides at all scales, indicating that 
the river is in topologic and geometric equilibrium. 
Map is centered on 37°4' N 109°35'E.(B) Part of the 
coastal plain of North Carolina, southeastern United 
States. Large discontinuities in across divides indi- 
Cate thatthe network isnot in geometric equilibrium. 
Water divides generally move in the direction of 
higher 7 to achieve equilibrium, so subbasins with 
prominent high values of z are inferred to be shrink- 
ing and will eventually disappear. Map is centered on 
35°10" N79°B'W, 
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Dynamic Reorganization of River Basins 


Sean D. Willett,”* Scott W. McCoy," J. Taylor Perron,” Liran Goren," Chi 


Yu Chen? 


River networks evolve as migrating drainage divides reshape river basins and change network 
topology by capture of river channels. We demonstrate that a characteristic metric of river network 
‘geometry gauges the horizontal motion of drainage divides. Assessing this metric throughout a 
landscape maps the dynamic states of entire river networks, revealing diverse conditions: Drainage 
divides in the Loess Plateau of China appear stationary; the young topography of Taiwan has 
migrating divides driving adjustment of major basins; and rivers draining the ancient landscape 
of the southeastern United States are reorganizing in response to escarpment retreat and coastal 
advance. The ability to measure the dynamic reorganization of river basins presents opportunities 
to examine landscape-scale interactions among tectonics, erosion, and ecology. 


he recognition that Earth’s surface to- 
"TPrgmntrentssoerine (ros 

a basis for reconstructing past tectonic 
(2, 3) or climatic processes (4, 5), as well as 
the formation of sedimentary sequences. The 
creation of geographic barriers or connections as 
topography evolves also influences. speciation 
(6, 7) and biodiversity (8). Despite the impor- 
tance of landscape change and the long history 
of research, establishing rates of change, or even 
determining whether a given landscape is in a 
steady or disequilibrium state, has proven re- 
markably difficult. Geochronological techniques 
hhave made it possible to measure long-term rates 
of erosion (9, 10), but large spatial and diverse 
temporal scales make it very challenging to assess 
topographic change by measuring erosion rates 
throughout an entire landscape. 

‘The evolution of topography is fundamental- 
ly coupled to changes in river channel networks, 
which carve the landscape into ridges and valleys 
a they erode through rock. River basins are part 
ofa dynamic system in which channel geometry, 
channel gradient, and network topology adjust 
toward a balance between tectonic uplift and ero- 
sion (//), a balance that depends on climatic con- 
ditions and the erodibility of the rock substrate 
(Z2). Examples of major changes in the topology 
‘or geometry of river networks have been reported 
oon the basis of iregular network shape (/3, 14) or 
geologic evidence such as sediment provenance 
(U5), and geologists have described these events 
‘with marked terms like river capture and stream 
piracy (13, 16). However, without a straight- 
forward way to map the motion of individual 
drainage divides, let alone the adjustment of an 
entire landscape, most studies of river systems 


slog stu, Sis Fedral stile of Tecnology, 
8092 2h, Sitaand “Deparment of Eat, Amosphenc 
and Planet Scenes, Mssachusts Insite of Techlagy, 
Cambie, 402139, USA 

“couesponding author. Eait: sileti@erduethzch 
{Present adds: Department of Geologial Scinces and 
Engineering, Univesity of Nevada, Rena, NV 89557, USA 
{Present ade: Gelogial and Enionmetl Senex, en 
Garon Univesity ofthe Nege, Beer-Sheva 84205, ae 


www.sciencemag.org SCIENCE VOL 343 7 MARCH 2014 


hhave focused on the equilibration of vertical in- 
cision rates while assuming that map-view basin 
geometry remains fixed in time (2,3). 

Recent efforts to generalize the long-term 
evolution of river networks have found support 
for drainage basin reorganization, Theoretical (7), 
‘experimental (18), and modeling studies (19-22) 
have argued that water divides are dynamic fea- 
tures ofa landscape that routinely migrate, either 
progressively or through discrete river capture, in 
‘some cases even leading to complete reorganiza- 
tion of river networks (17) However this theoretical 
‘progress has not been matched by observational 
support, which has remained limited to interpre- 
tations of large-scale capture events where geologic 
‘and geomorphic evidence is available (14, 23, 24). 

We incorporate this view of mobile drainage 
divides into a procedure for mapping the dy- 
namie evolution of river networks. We posit that 
‘equilibrium in a landscape requires that river net- 
work topology and drainage basin geometry ad~ 
just to maintain stationary water divides. This 
Principle leads to a quantitative criterion for land- 
scape disequilibrium that provides a prediction of 
‘drainage divide migration and a tool to map past, 
‘resent, and future changes in a river network. We 
demonstrate this technique through analysis of a 
numerical mode! of landscape evolution and then 
apply ito several study sites, mapping transient fea- 
tures associated with iver network reorganization. 


A Measure of River Basin Disequilibrium 
Most landscapes comprise river channels that 
ceode bedrock and transport sediment out of the 
system and hillslopes that erode by a variety of 
processes but remain in long-term equilibrium 
‘with their bounding river channels (25). The map- 
‘view arrangement of river basins evolves through 
the horizontal motion of drainage divides, which 
isa consequence of differential rates of river chan- 
nel erosion on opposite sides of the divides. A 
measure of the disequilibrium of opposing river 
‘channels can therefore be used to infer the sta- 
bility ofthe intervening divide and the direction 
of divide motion that would bring the adjoining 
channels toward equilibrium 


Ina river network, two flow paths that orig- 
inate at a common drainage divide and termi- 
nate at a common base level experience the 
same drop in clevation, but their steady-state ele- 
vation profiles—the theoretical profiles for which 
erosion would balance rock uplift—may differ 
depending on the topologic and geometric struc- 
ture of the network. The uppermost parts of the 
flow paths, between the drainage divide and the 
channel heads where the river system initiates, tra- 
verse hillslopes. However, several factors imply 
that hillslopes do not contribute substantially to 
differences in the flow paths’ steady-state cle- 
vation profiles. First, the elevation drop along 
hillslopes is typically small relative to that in 
river channels. Second, steady-state hillslope 
relief is about equal on either side ofthe divide: 
Equilibrium hillslopes have similar gradients (26), 
‘and channel heads tend to be equidistant from 
divides (25). We therefore limit our analysis to 
the river channels. If drainage basins on opposite 
sides ofa divide are structured such that the steady- 
state elevation of one channel head is higher than 
that of its opposing channel, the divide is not 
stable, and the network must adjust to bring the 
divide to a stable position. In general, any change 
in network topology or geometry that brings the 
cross-divide difference of steady-state channel 
hhead elevation to zero will bring the system into 
‘equilibrium, The simplest way to achieve this is 
by divide migration toward the basin with the 
higher steady-state elevation, Our strategy’ is to 
‘determine steady-state channel elevations and, there- 
by, directions and patterns of divide motion that 
allow the landscape to attain an equilibrium for 
‘both channel elevations and divide positions 

‘Steady-state channel clevation can be estimated 
from a model for river incision into bedrock. The 
most common model is based on the hypothesis 
that incision rate is proportional to the rate at 
‘which the flow expends energy as it travels over 
the bed, or stream power (27). Stream power de- 
pends on channel slope and river discharge, al- 
though the latter is generally replaced by the 
upstream drainage area, A, which serves as a 
readily available proxy, Including rock uplift due 
to tectonics, U, the elevation of a point in a chan- 
nel, z, varies with time, t, nd distance along a 
channel, x, according to 


where K is a constant that depends on rock 
‘erodibility, precipitation rate (28), and channel 
‘geometry, and m and n are empirical constants, 
Other physical models, for example, based on bed 
shear stress, lead to an identical form of the ero 
sion law; only the parameters, in particular, the 
‘exponents, are different. In most cases, these are 
‘determined empirically (see Materials and Methods), 
‘9 Eq, 1 can be reganded as general for any erosion 
law that incorporates power law scaling between 
channel slope and drainage area at steady state. 
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For the simple case of U'and K constant in space 
‘and time, the steady-state solution of Eq. 1 is 


x u 


where 2, is the elevation at the river network's 
base level at x=, The quantity 7 is an integral 
function of position in the channel network (9), 


I Gas) 


where do is an arbitrary scaling area, and the 
integration is performed upstream from base lev- 
1 to location x. 7 is the characteristic parameter 
for transient solutions of the linear (n= 1) version 
of Eq, | (30), and it remains the fundamental 
scaling parameter for the nonlinear case. The in- 
clusion of the scaling area, Ao, gives 1 dimen- 
sions of length, but the kinematic wave nature of 
Eq, | implies that z could equally well represent 
a time, In particular, if A" is included in the 
denominator of the integrand, z takes on dimen- 
sions of time and, forthe case of n= it becomes 
the characteristic time required fora perturbation 
at the river's base level to reach a point x in the 
channel (12), 

‘The term in parentheses in Eq. 2 represents 
the relative magnitudes of tectonic forcing and 
crosivity, and scales the magnitude of elevation, 
‘The parameter 7 characterizes the river network 
topology and geometry, which determine how 
tectonic forcing generates variable topography 
throughout a river basin. Given the linear form of 
Eq, 2, its apparent that x serves as a metric for 
the steady-state clevation of a channel at location 
x. Thus, with constant tectonic forcing and homo- 
‘gencous physical properties, a difference in x across 
a divide implies disequilibrium and, presumably, 
‘motion of the divide inthe direction of larger 7 to 
achieve equilibrium (Fig. 1). This observation is 
the basis for our subsequent analysis: Mapping 
throughout a channel network and comparing 
‘values across drainage divides yield a snapshot of 
the dynamic reshaping of drainage basins 


@) 


a’ 


(3) 


Elevation-z Scaling with Changing 
Drainage Area 

‘As a divide moves, either by continuous mi- 
gration or through discrete river capture, drainage 
area is removed from one basin and added to the 
other. The channel length of each affected tribu- 
tay also changes, leading to a change inthe steady 
state elevation of each channel head bounding the 
‘moving divide, presumably moving the channels 
toward equilibrium as in Fig. 1. However, analy 
sis of a simplified scenario—the effect of a sud- 
den change in drainage area on an equilibrium 
elevation profile (see Materials and Methods) — 
illustrates a feedback between erosion rate and 
divide motion that complicates this system. An 
instantaneous change in area induces an instan- 
taneous change in z, throwing the affected profile 
into a state of disequilibrium. Figure 2 shows the 
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change in the z plot (clevation against 7) of the 
perturbed channel for a given fractional increase 
‘or decrease of the upstream area. Area gain shifis 
the z plot to the left, above the steady-state trend, 
and increases its length and thereby its maximum 
2 value, whereas area loss shifts the profile to the 
right, below the steady-state trend, and decreases 
its length and maximum x, value, A channel that 
lies above the steady-state trend on a x plot erodes 
faster, on average, than the tectonic uplift rate (29), 
‘soa channel gaining area experiences an increase 
in average erosion rate, whereas a channel losing 
area experiences a decrease in average erosion rat. 
Branches of the channel network that connect to 
the affected channels do not necessarily experi- 
‘ence any change in channel length, but they do ex- 
perience the indirect effect ofthe change in erosion 
rate that propagates throughout the basin. This de- 
fines an important positive feedback in the system: 
A transfer of drainage area from one basin to an- 
‘other leads to changes throughout the affected 
‘drainage basins that encourage motion of the en- 
tire perimeters ofthe basins in the same direction 
as the original perturbation. The ultimate configu- 
ration of drainage divides ifand when a landscape 


reaches equilibrium depends on the nonlinear 
interactions of multiple adjacent drainage basins 
‘and cannot easily be predicted. Here, we focus 
‘only on the local direction of divide motion toward 
‘equilibrium, but we identify some situations in 
‘which the positive feedback appears to dominate 


Spatial Variations in Uplift Rate, Runoff, 

‘or Rock Erodibility 

If U or K varies in space, and these variations are 
known, the solution for elevation can still be ob- 
tained by integration of Eq, 1. In practice, how- 
ever, U and K are seldom known, It is more 
‘common to have information about relative val- 
‘ues or spatial pattems. For example, uplift rate 
may vary across a fault; precipitation and runoff, 
‘which are included in K, may have a persistent 
spatial patter: or rock erodibility may vary with 
rock type with a spatial distribution known from 
‘geologic mapping. If we express the spatial pat- 
tem of uplift and rock erodibility in terms of non- 
dimensional functions of space, U” and K°, we 
‘can bring this variability inside the definition of 
without changing its dimensionality. Defining 
the uplift and erodibility as (= Ugl"(x) and 
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Fig. 1. River basins and river profiles in eqt 


brium and disequilibrium. (A and B) Change in size 


and shape of two drainage basins that share a common divide as they evolve from (A) a state of di 
‘equilibrium to (8) a steady state. The parameter x (Eq. 3) provides a prediction of the steady-state 
elevation for a given point on a channel. The basin on the left (agaressor) has lower steady-state elevation 
at channel heads and therefore drives the drainage divide toward the basin on the right (victim). (Cand D) 
The lower panels show the evolution of the elevation of two channels that meet atthe shared divide with 
respect to (C)z and (D) distance along the channel. The slopes above the channel head attain a symmetric 
form at steady state, but do not differ strongly from this form under disequilibrium conditions. The 
disequilibrium channel profiles in (C) show that zis discontinuous across the drainage divide, with larger 
2z\alues in the “victim” basin. At steady state, all channel points in both basins lie on a single linear trend, 
Subject to the assumptions described in the text. Note that changes in elevation are subtle, whereas 
changes in, are marked. 
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K = Kok"(s), where Up and Ko are dimensional 
scaling values, the steady-state elevation s giver by 


with a modified z defined as 


2(x) = (4) 


In landscapes with known spatial variations in 
Uoor K, Eq, 5 can be used to calculate z'. How- 
ever, if spatial variations in Uand K are unknown 
but are likely to be minor, or if U and K vary in a 
systematic way over the river basins being an- 
alyzed, it may be possible to identify patterns of 
river basin reorganization using Eq, 3 to calculate 
2, and intepreting spatial pattems of variation. 


‘Numerical Model of Landscape Evolution 
‘and z Evolution 
To test our hypothesis that mapping of x char- 
acterizes the transient state of an evolving river 
network, we conducted an experiment using a 
‘numerical landscape evolution model (21), This 
‘model solves Eq, 1 for an evolving channel net- 
‘work spanning a grid of nodes and calculates the 
positions of water divides between channels using 
analytical solutions for the topography of low- 
order channels and hillslopes (sce Materials and 
Methods). 

‘There are many ways that river basin reor 
‘ganization can be induced in a landscape. Here, 


‘we start with an initial steady topography gen- 
‘rated using a linear gradient in the tectonic rock 
uplift rate from a lower value on the lower bound- 
ary to a higher value on the upper boundary 
(Fig. 3), This tectonic forcing leads to a highly 
asymmetrical mountain range in which the main 
drainage divide is closer to the upper boundary. 
To force river basin reorganization, we remove 
the uplift gradient, so that the entire domain ex- 
periences uniform uplift, and let the topography 
‘evolve until a new, symmetric steady-state moun- 
tain range develops. 

‘The corresponding x map (Fig. 3 and movie 
S1) confirms that the disequilibrium is character- 
ized by differences in x across divides, particu- 
larly the main divide. As predicted, divides move 
away from channels with low 7 toward channels 
with high z. In addition, we frequently observe 
isolated, low-order channels with high x (Fig. 3), 
apparently in response to loss of drainage area 
and the positive feedback mechanism discussed 
above. These channels are transient features that 
tend to disappear quickly, suggesting that the area 
loss feedback eventually leads to a topological 
cchange in the network. Finally, we see that di- 
vides do not stabilize until z values on cither side 
are equal. At steady state, all points in the domain 
have the elevation predicted by %, and there are 
no cross-ivide changes in z for adjoining chan- 
nel heads, We also note thatthe time to steady state 
is many times longer than the profile equilibration 
time of the longest rivers in the model, demon- 
trating that the evolution of the network topology 
determines the equilibration time of the system, 
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Fig. 2. Effect of drainage area change on 7. Analytical calculation of change inthe z plot in response 


to an instantaneous change in upstream drainage area. "is the applied perturbation in area divided by 
the initial basin area and varies from ~0.1 (10% loss) to +0.1 (10% gain) in increments of 0.02. Solid 


circle indicates the 


tal length of the affected channel. For area gain, the added river segment is 


indicated as “captured reach.” The minimum length of the captured reach lenath is indicated, although 
actual length depends on the area distribution of the captured reach. For area loss, the channel is 


shortened as indicated. 
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As this example demonstrates, mapping % 
‘across a landscape and noting discontinuities 
across drainage divides should reveal not only 
‘whether that landscape is in equilibrium but also 
the spatial pattem of divide migration, from which 
‘we can infer a history of landscape evolution and 
its forcings. We investigate this through a study 
ofa series of natural examples below. 


Equilibrium Drainage Basi 
China’s Loess Plateau 
CChina’s Loess Plateau is a region in the Yellow 
River (Huang He) drainage basin where wind- 
blown sediments have accumulated to thicknesses 
‘of tens to hundreds of meters over the past 2.6 mil- 
lion years (31), draping preexisting topography 
(G2), We constructed maps for two adjacent 
tributaries of the Yellow River, the Yanhe River 
and the Qingjian River (see Materials and Meth- 
ods), which together drain an area of nearly 
12,000 km? (Fig, 4). There are no lange contrasts 
in z across drainage divides at any scale, with 
‘one exception in the headwaters of the Yanhe, 
‘where a strongly curved channel has lower 7 than 
its neighbor to the north, a sign that it is gaining, 
‘area by migration in this direction, Excepting this 
feature, the otherwise concordant 7, values across 
drainage divides in this landscape suggest that the 
channel network is nearly stationary, This river 
channel network was established through the 
‘Tertiary on the tectonicaly stable Ontos platform, 
‘and the absence of tectonic perturbation has al- 
lowed it to attain a topologic (but not necessarily 
topographic) steady state. This may be addition- 
ally promoted by recent incision of the relatively 
‘uniform, erodible loess, although the main fea- 
tures of the drainage network appear to predate 
deposition ofthe loess (32), 


Basin Reorganization in an Active 
‘Mountain Range: Taiwan 
‘The island of Taiwan was formed by collision of 
the Luzon voleanie are with the Eurasian plate 
starting a few million years ago and continuing to 
the present day. Despite its youth, it has been 
argued that the overall height and width of the 
mountain range are ina steady state (33), in lange 
part because the rates of tectonic shortening, up- 
lift, and erosion are high (34). However, this con- 
dition does not necessarity require equilibrium 
atthe scale of individual drainage basins. To in- 
vestigate this point, we map z in a limited area of 
the easter Central Range (Fig. 5), where rock 
type, precipitation, and uplift rate are nearly uni- 
form, and variations that do oceur are primarily in 
‘an east-west direction, parallel to the dominant 
flow direction ofthe rivers. Rivers draining to the 
west of the main divide traverse different rock 
types and active structures with spatially variable 
uplift rates, so we avoid comparisons of 7 across 
the main divide and limit our analysis to the intemal 
‘and lateral divides ofthe eastwand-draining rivers. 
We find that many drainage divides at rmul- 
tiple scales have bounding channels with contrast- 
ing 7, which implies that the divides are unstable 
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Time: 160 My 
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Fig. 3. Numerical model of drainage divide migration. (Ltt) Topography, 
scaled from blue (ow) to red (high) (top), and _ map (bottom) of an asymmetrical 
mountain range generated by the landscape evolution model DAC (27) in response 
toa linear gradient in the tectonic rock uplit rate from 0.5 mmiyear at the lower 
boundary to 5 mmiyear at the upper boundary. The rock uplift rate is then st to a 
Uniform value of 1.mnvyear, and the landscape evolves toward a new steady state 


(Fig. 5). The high relief of Taiwan allows for easy 
visual comparison between cross-divide contrasts 
in and topographic features visible in topographic 
models and satellite imagery (Fig. 5, B and C, and 
'S4). In most cases, cross-divide contrasts in 
7 correspond to top. 
‘with divide migration, including lower valley cle- 
vations, steeper channels, and evidence of faster 
hillslope erosion in basins prodicted to be aggressors, 

Disequilibrium is particularly evident for s 
cral long, isolated tributaries that have high  rel- 
ative to neighboring basins. Some of these high- 
tributaries have no side channels, indicating that 
the lateral divides are moving inward, starvis 


iphic features consistent 


side channels of drainage area, and transforming 
basin side slopes into unchanneled surfaces (for 
example, Fig. SC). These tributaries appear to be 
victims of the positive feedback associated with 
area loss, in which loss of drainage area lowers 


crosion rate and increases 7, leading to surface 
uplift relative to neighboring basins, and increased 
vulnerability to further area loss. 

‘There is also evidence for larger-scale basin 
reorganization, Figure SB shows a basin that ap- 
pears to be growing in all directions at the ex- 
pense of its neighbors. The growing basin has 
steep upper channels and many landslide scars, 
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(right through changes in river network topology, drainage basin geometry, and 
channel elevations. Divide migration at multiple scales is generally in the direction 
of the channel with higher z. See also movie S1. At steady state, the topography is 
symmetric with respect to the boundaries, and there are no discontinuities in 
‘across water divides. Other simulation parameters are as follows: exosivity (K) = 
6.67 x 10" year" x, = 500 m, 0,= 21%, n = 1, and m = 05. 


Fig. 4. Map of z for part of the Loess Plateau, China. Illustrated are the Yanhe River (south) and the 
Qingjian River (north) basins, two tributaries of the Yellow River. Inset shows the location of the basins 
within China. See Materials and Methods for details on the calculation of . Minimal differences in 7 
across divides at all scales indicate that basin topology and geometry are near equilibrium, 
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Fig. 5. Map and perspective views of z for part of the eastern Central Range, Taiwan. (A) Map of 
7. for a portion of the eastern Central Range (location in inset). Atrows show viewing directions for 
Subsequent panels and for additional figures in supplementary materials. (B) Small basin growing at the 
expense of neighboring basins. Both neighboring basins with high, upper reaches are losing area and 
may soon lose their headwaters by capture. (C) Long, narrow river basin losing area from several 
directions, leaving it with high x and high elevation. Vertical exaggeration in (B) and (C) is 2x. Inferred 
divide motion from low to high zi indicated by white arrows, 


700 Km 


Fig. 6. Map of z in river basins of the southeastern United States. Heavy white lines show drainage 
basin boundaries, and fine white lines show state boundaries. The distinc, near linear discontinuity in between 
the yellow arrows illuminates the Blue Ridge escarpment and its southern continuation into the North Georgia 
mountains. The contrast indicates northwest migration ofthe escarpment. White boxes mark the areas shown, 
in Figs. 7 and 8. Black boxes mark regions analyzed in the inset figure, which shows differences in basin 
averaged erosion rates determined from concentrations of cosmogenic radionuclides (CRNs) in river sediment 
(20) plotted agains differences in 7, across the divides separating te basins (see Materials and Methods). Larger 
red symbols represent averages across the main escarpment. Points tothe right of the dashed line are consistent 
with the inferred direction of divide motion, Data for this figure are shown in supplementary materials 
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indicating rapid channel incision, Both neighbor: 
ing rivers appear to be losing drainage arca in 
their upper reaches based on the existence of 
perched channels with high % values. This sug- 

ests that even atthe largest scale, 
basins of the eastem Central Range appear to be 
adjusting their relative sizes, changing shape, and 
perhaps even increasing their number through 
expansion of smaller basins, 

Comparison of x and topography across di 
vides also serves to confirm that there are no 
large changes in K or U through the study area. If 
this were the case, we would not expect to see the 
high degree of intemal consistency between drain- 

divide asymmetry and cross-divide 7. Altho 
‘we do recognize some instances where lithologic 
effects change channel steepness, these appear 
to be of minor importance compared to the 
metric disequilibrium reflected in 7. 


he major river 


‘Ongoing Basin Reorganization on a 
Passive Margin: Southeastern United States 
The southeastem seaboard of the United States 
comprises the coastal plain and Piedmont phys: 
iographic provinces and is defined by the old 
mountain belt of the Appalachians in the west 
and by the Atlantic Ocean in the cast, which 
formed by rifting starting about 200 million years 
ago (35). The boundary between the Piedmont 
and the Appalachians is the Blue Ridge (36, 37), 
which defines the mountain front from Georgia 
to Pennsylvania and is interpreted to be an ero 
sional escarpment associated with Atlantic rifting 
similar to escarpments on other rfted margins 
(38). The top of the Blue Ridge defines the water 
divide between the Atlantic coastal rivers and the 
Mississippi River basin. This divide appears to be 
migrating inland, often by discrete capture of up 
land rivers (15, 23, 36, 39). The spatial distribu- 
tion of z illuminates the escarpment beautifully 
(Fig. 6), with a strong discontinuity in z between 
high values in the upper Tennessee River and 
Ohio River basins and low values in all basins 
draining directly to the east coast. This discon- 
tinuity defines an erosional front propagating to 
the northwest 

Some care must be taken in interpreting con. 
trasts in y across the main Appalachian divide, 
given that rivers that meet at this divide follow 
very different paths to the ocean and may there 
fore traverse regions with different uplift, climate 
or rock type. I'these variations were known pre 
cisely, they could be included in the characteristic 
parameter (Eq. 5). However, even without pre 
cise constraints on the spatial patterns of Uand K, 
itis possible to show thatthe 7 difference across 
the main divide is lagety a signature of geometric 
disequilibrium, The most important heterogencity 
that potentially creates spatially variable K is the 
contrast between the hard, erosion-resistant meta 
morphic and sedimentary rocks of the Appalachians 
and the softer sedimentary rocks of the Piedmont 
and coastal plain (40), If this effect were included 
through Eq, 5, the result would be to enhance the 
contrast in across the main divide, not diminish it 
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Uplift in this tectonically quiescent region is 
dominated by isostatic response to erosion, which, 
ths 
However, there may be an additional, relatively 
‘young component of dynamic topography (4) 
‘This dynamic component may create a spatial gra- 
dient in U, but this gradient is oriented predom- 
inanily nontheast-southwest along the Appalachian 
crest inthe study area (41) and, hence, should not 
contribute to discontinuities in x across the main 
divide, As with the Taiwan example, we can also 
‘compare more subtle features of the map and 
topography to check for consistency, For exam- 
ple, the divides between the Apalachicola River, 
the Tennessee River, and the Altamaha River 
(Fig. 6) show different values or even signs in 
cross-divide z, and in all cases, the contrast is 
‘mimicked by subtle but clear asymmetry in to- 
ography. These observations suggest that the 
major features of the % map do not arise from 
spatially variable & or U 

We also find support for inferred divide mo- 
tion in erosion rates derived from cosmogenic 
nuclide concentrations in river sediment (10). 
Concentrations of "Be 


if not constant, only varies over long wavel 


erated by cosmic ray 


exposure of quartz, now found as sand in the 
‘modem rivers, have been used to estimate ero 
sion rates in @ number of catchments across the 


southem Appalachians. We have compiled pub- 
lished data from the Great Smoky Mountains of 
Tennessee and North Carolina (42) and two seg- 
ments of the Blue Ridge escarpment in North 
Carolina and Virginia (43) (Fig. 6). Motion of a 
drainage divide must ultimately be driven by dif- 
ferent erosion rates on opposite sides of the di- 
vide, By comparing erosion rates from adjoining 
basins, we can estimate the direction of divide 
motion and test whether it is consistent with the 
direction inferred from the cross-divide difference 
in z (see Materials and Methods). We found that 
the cross-divide x difference correctly predicts the 
difference in crasion rate in 29 of the 34 adjoining 
basins we studied, with a strong correlation in 
magnitude in addition to predicting the correct 
sign (Fig. 6, inset) 

Mapping of x is also useful for identifying 
discrete capture events, many of which have been 
recognized along the Appalachian front. We 
present a documented example in Fig, 7 to show 
the signature patter in x. The Savannah River is 
proposed to have captured the headwaters of the 
Apalachicola River. Evidence for this interpreta- 
tion includes the deeply incised Tallulah Gorge 
above the capture point and a common fresh- 
‘water fauna in both catchments (39, 44), The spa- 
tial distribution of x shows sharp discontinuities 
across the Savannah-Apalachicola and Savannah- 


Tennessee divides, implying ongoing advance 
of the Savannah into both of these catchments 


(Fig. 7). In contrast, the Apalachicola-Tennessee 
divide is close to equilibrium. A discrete river 
capture involves a sudden transfer of drainage 
area from one basin to another, which will stangly 
affect z but not elevation, thereby pushing the 
relationship between , and clevation in opposite 


1248765-6 


directions for the captured and capturing rivers 
(Figs. 1 and 2), This is demonstrated clearly in 
the Savannah capture region by tributaries to the 
upper Savannah, which gained area and therefore 
have smaller z than expected for their elevation, 
and by the Apalachicola, which lost area and 
therefore has larger z than expected for its eleva- 
tion (Fig. 7). At present, the upper Savannah is 
responding to the increase in its drainage area by 
incising rapidly, creating marked features like 
the Tallulah Gorge as it lowers its elevation pro- 
file back to the regional z-z trend, Similarly, the 
Apalachicola is incising less rapidly to raise its 
elevation profile back to the regional trend. This 
process will continue until both rivers reach equi- 

librium or, more likely, another capture occurs. 
Another interesting feature of the map in Fig, 6 
evron-shaped drainage divides 


is the set of el 


Tennessee 


800 


scattered across the coastal plain and Piedmont 
from Florida to Virginia, which are highlighted 
by consistently higher 7 values on the coastal 
sides of the divides (Fig. 8). The anomalously 
high 7 values in these basins are associated with 
anomalously high elevations (Fig. 8), similar to 
the arca-starved basins in Taiwan (Fig. 5), but in 
this case, the topography has relief of only meters 
to tens of meters. The coastal basins are losing 
area as their headwaters narrow and shorten, and 
some may eventually disappear. This appears 
to be part of a regional basin reorganization in 
‘which the large Atlantic-draining basins are wit 
ing and pinching out the smaller, intervening 
basins. Such a process is consistent with northwest- 
southcast lengthening of the Piedmont and coastal 
plain provinces. River basins exhibit a narrow range 
of length-to-width ratios (45), so that leng 
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Fig. 7. The Savannah and Apalachicola river capture. The Savannah River has captured the 
headwaters of the Apalachicola. The white circle marks the capture point, Profiles of elevation against 
ower panel) are offset from the regional trend in directions consistent with river capture (compare with 
Fig. 2). The upper reach of the Apalachicola (victim) has anomalously high z, consistent with area loss, 
\whereas the upper reaches of the Savannah (aggressor) have anomalously low z, consistent with 


area gain, 


7 MARCH 2014 VOL 343. SCIENCE www.sciencemag.org 


in the flow dircetion can lead to basin reorganiza- 
tion, decreasing the number of basins to increase 
the average width (17, 18, 46). The Atlantic coastal 
region is lengthening by retreat of the Blue Ridge 
escarpment, as well as by seaward advance of 
the coastline, as evidenced by uplifted Pliocene 
terraces, possibly as a dynamic response to deep 
mantle flow (41), 


Global implications 
Our analysis presents and quantifies a dynamic 
view of landscapes. Drainage divides migrate or 
make discrete jumps; river basins expand, con- 
tract, and deform; and this dynamic reorganiza- 
tion can persist for hundreds of millions of years, 
‘or perhaps indefinitely in the presence of active 
tectonic deformation. 

‘This evidence of sifting drainage divides helps 
explain well-known morphologic properties of 
drainage basins, Basins in varied geographic set- 
tings are observed to take on specific geometric 
forms or statistical states (45-47). In particular, 
characteristics such as length-area scaling, tribu- 
tary junction angles, and fractal dimension appear 
to be globally consistent. Models that optimize 
local or global energy dissipation reproduce many 
of these fundamental network characteristics 
(48, 49), although natural basins seem to be slight- 
ly suboptimal by these energy metrics, Ithas long, 


been suspected that divide migration and river 
‘capture might be mechanisms by which drainage 
basins approach statistically uniform geometry 
(50). Our numerical models and analyses of natu- 
ral landscapes provide evidence that this may, in 
fact, be the case, and additionally suggest that 
‘many natural basins are suboptimal because they 
have not yet reached an equilibrium configura- 
tion. Furthermore, our studies suggest that it is 
the geometric characteristics of the channel net- 
‘works and their bounding divides that drive the 
system toward equilibrium, 

‘The ability to map disequilibrium in river ba- 
sins also has implications for other ficlds of study. 
For example, river profiles are often interpreted 
in terms of transient changes in tectonic uplift, 
climatic conditions, or sea level. However, our 
analysis suggests that many perturbations in river 
profiles may instead arise from changes in drain- 
age area, Drainage network connections and water 
divides that form geographic barriers affect the 
transport of sediment, nutrients, and dissolved el- 
‘ements, including those with important global 
biogeochemical functions such as nitrogen and 
carbon. Similarly, the migration or diversification 
‘of aquatic species and entire ecosystems depends 
‘on the transport pathways defined by rivers. Our 
ability to identify past and ongoing changes in 
river networks creates a new opportunity to ex- 
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Fig. 8. 


rium basins of the North Carolina coastal plain. The basin at the center of the 


imap has a chevron-shaped drainage divide with high z values on the interior, coastal side. Lower panels 
show elevation and z profiles fortwo rivers that meet atthe divide. The river to the east (victim), interior to 
the chevron, has systematically higher elevation and z, indicating progressive loss of drainage area and 
slower erosion rate (compare with Fig. 1) A similar feature is visible in the upper right of the map. 
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plore connections between geological, chemical, 
and biological systems. 


Materials and Methods 


Response of z to a Change in Drainage Area 
For the calculation in Fig, 2, we assume that area 
and channel length scale acconding to A= kv" 
‘with x= 0 at the water divide (51), and to keep 
the calculation analytical, we assume that f= 2 
and min = 0.5. Most other values for the co- 
efficients fh, m, and n would require numerical 
integration, but the results will not change in 
character for a reasonable range of these coef 
ficients. Defining a nondimensional length x* 

‘we obtain an initial distribution of 


Keie = 


to Yue We consider an instantaneous chan 
‘area of Ad of this basin, assumed to be the con- 


sequence of adding or removing area to the head- 
‘waters of the basin. The change in area can be 
positive or negative, but it must aceur upstream of 
the analysis. The width of the basin downstream of 
the area change is unchanged. With the nndimen- 
sional area perturbation, 4* = 24. following the 
area perturbation is defined by * 


2 Vi 


‘which can be integrated to give 


Plotting zinc against 7, (Fig, 2) is equivalent 
to showing elevation against 7 for an instanta- 
neous change in area. For a basin losing area, 
there is a corresponding decrease in length of the 
channel, hence the smaller extent in yp of the 
‘curves in Fig, 2. For the basin gaining area, there 
is a comesponding increase in channel length, but 
this is not shown in Fig. 2 because the actual 
slope and length of this segment depend on the 
area distribution of the captured channel. A plot 
Of channel slope against drainage area shows a 
similar perturbation (fig. SI), 


Landscape Evolution Modet 
‘The numerical model for indscape evolution (Fig, 
3) uses the code DAC described by Goren et al 
(21). DAC incorporates numerical and analytical 
solutions to represent processes at different scales 
‘The numerical component solves the conservation 
‘of mass equation witha stream power incision law 
(Eq, 1) fora channel network spanning a dynamic, 
imegular grid. An analytical solution is used for the 
subgrid topography to represent low-order fluvial 
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channels and hillslopes. The channel network and 
the numerical grid evolve as divide migration leads 
to river capture, abandonment of channels with 
insufficient drainage area, or creation of new chan- 
nels as hillslopes lengthen, The model in Fig. 3 
consists of a 50 * 100-km rectangular domain in 
which the four edges are fixed to a constant cle- 
‘ation, Precipitation and rock type are steady and 
‘uniform, An initial topography is generated by 
imposing a rock uplift rate that varies linearly from 
0.5 mm/year along the lower edge to 5.0 mm‘year 
along the upper edge. These conditions are run to 
steady state. Subsequently, the tectonic gradient is 
removed, and uplift rate is set to a constant value 
of | mm/year. Basin divides on all scales become 
unstable and migrate, causing drainage basins to 
change their size and shape (see movie $1). is 
calculated from Eq, 3 on the discrete grid, but be- 
cause par of the river channel network is contained 
in the analytical solution, sections of the uppermost 
catchments are not shown in Fig. 3 or movie SI 


Construction of x Maps 
Construction of maps of 7 followed a specific 
protocol, Hydraulic attributes of base level, flow 
directions, flow paths, and accumulated flow (up 
stream drainage area) were extracted from a digi- 
tal elevation model (DEM), For flow direction 
nd paths, closed basins were filled, and steepest 
descent neighbors were found for local flow di- 
rection. Any pixel with a contributing area less 
than a critical value, a, was excluded from the 
analysis. The critical area was typically on the 
oder of 10° m?, although it can vary depending 
‘on the DEM resolution and the drainage density 
of the landscape. This value does not affect the 
downstream value of g, but it does determine how 
high into a catchment we conduct the analysis. 
‘An arbitrary scaling area, 4p, and a value for min 
were selected, followed by integration of Eq. 3 to 
determine for all pixels in the domain, 

‘The concavity, min, was selected through an 
iterative process. First, we constructed a series of 
plots for individual drainage basins, covering 
a range of concavity values, and noted the min 
value that best reduced the scatter (29, 52). This 
‘was used fo construct an initial x map, which 
‘was then interpreted in terms of divide stability, 
If divides appeared stable within the basin of in- 
terest, the process was complete. However, if there 
‘were large contrasts in cross-divide z, we recon- 
sidered the z plots, noting the profiles of channels 
that appeared to be gaining or losing area based 
fon the 7 analysis, or on independent geologic, 
‘geomorphic, or geochemical data. Because these 
7 plots are expected to curve up or down (Figs. 
1 and 2), we modified our selection of min ac- 
cordingly, The interpretation of area gain or loss 
is partially based on the resultant ~ map, so is 
potentially circular, but the iterative process con- 
sistently converged to a single solution. In some 
ceases, we also applied this method to individual 
channel profiles where we could make an a priori 
assumption regarding the shape of the 7 plot. AS 
a final check, we overtaid the z map on the digital 
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topography and checked that predicted cross- 
divide x discontinuities were consistent with topo- 
sgaphic features such as asymmetric upper channel 
profiles across divides. Figures Sand 8 are ex- 
amples of such comparison, 


Loess Plateau 
‘The 90-m resolution DEM derived from the Shut 

te Radar Topography Mission (SRTM) (53) was 
used for the Loess Plateau, Two drainage basins 
were extracted and analyzed using a critical are 
Ag, of 0.05 km? and a scaling area, 4g, of | m* 

‘The low value for the critical area reflects the high 
drainage density of the area, Interpretation of the 
resultant z-clevation plots gave an optimum mn 
of 0.35 (fig. $2). 


Taiwan 


For Taiwan, we used 2 40-m resolution DEM 
derived from acrial photographs and available 
from the Center for Space and Remote Sensing 
Research, National Central University, Taiwan. 
A scaling area, 4p, of 1m? and a critical area, Ac, 
of I km? were used. Plots of z-clevation were 
constructed with concavity varying from 0.0 to 
0.6. The smallest scatter is obtained for a con- 
cavity of 0.3 to 0.4, but we favora slightly higher 
value. Given our finding of many moving divides 
‘and captures, we expect many channels to exhibit 
2xplots with low slope and high x, as well as many 
‘channels with kinks in the z-clevation profile in 
response to capture. These features become more 
‘obvious with coneavities of 0.45 to 0.55 (fig. $3), 
so we prefer this value and use a value of 0.5 for 
the maps of z. This value was confirmed by com- 
parison with topography and imagery, which is 
‘quite marked in Taiwan (Fig. 3 and fig. $4). 


Southeastern United States 
For the analysis ofthe southeastem United States, 
swe used the 90-m CGIAR SRTM DEM, analyzed 
with a critical area, 4, of 0.3 km? and a scaling 
‘rea, Ao, of 1 m*. We constructed z-elevation 
pilots for individual drainage basins (identified in 
fig, $5) in the study area fora range of min values 
(igs. $6 to $9). We found very dynamic divides 
in the region with examples of basins that were 
dominantly growing and others that were dom- 
inantly shrinking, The minimum variance in the 
{f-clevation plots was found for values of mn from 
0125 to 0.35, but to match the z-elevation plot 
concavity to our interpretation of growing and 
shrinking basins, we required a larger min value of 
(0.4 t0 05. We also conducted a similar analysis on 
individual rivers where geological or geomorphic 
‘evidence permitted an a priori assessment of cap- 
ture or a moving divide. This exercise also gave 
‘min values of 0.4 to 0.5 (for example, fig. $10). 
Maps in this paper were constructed using an min 
of 0.45, though other values were constructed to 
test sensitivity to min (fig. S11), which revealed 
that the features described in this paper were 
robust over a large range of min values. 

Map construction on the western side of the 
Appalachians is complicated by the need to in- 


clude the drainage area of the entire Mississippi 
River basin. To avoid integrating the alluvial lower 
Mississippi, we initiated the x integration at the 
cconfluences between the westward draining riv- 
cers and the Ohio River, This required selecting a 
zeclevation pair for each river. To calculate these 
values, we used the regional z-clevation trend for 
the lower Tennessee River and lower Kanawha 
River. This resulted in an initial point of 8 m in x 
‘and 100 m in elevation for the Tennessee River 
and 10 m in x and 148 m in elevation for the 
Kanawha River. 


Differential Erosion Rates Estimated from 
‘Cosmogenic Radionuclide Concentrations 

We used published concentrations of the CRN 
"ge in quartz iver sand to estimate dititrential 
‘erosion rates in select river basins. We used pub- 
lished data from Portenga and Bierman (10) in 
three areas within the southem Appalachians 
two locations along the Blue Ridge escarpment, 
‘and one in the Great Smoky Mountains (Fig. 6) 
(Original studies are in (42, 43), We selected lo- 
cations with CRN measurements in adjoining 
basins where the difference in erosion rate can be 
compared to the cross-divide contrast in z. To 
estimate differential erosion across a divide, we 
differenced the basin-averaged erosion rates of 
adjoining basins and assigned the resulting, dif- 
ferential erosion rate, AF, to the divide segment 
common to both basins. We then calculated the 
mean Ay across the shared divide segment by 
differencing pairs of adjoining channel heads in 
the same direction. This procedure was carried 
‘out forall primary divide segments between ba- 
sins with comparable size. We did not analyze 
nested sub-basins. We also excluded one basin 
from the Great Smoky Mountains location, which 
appeared to have anomalous !Be concentrations 
associated with an unusual intrusive igneous unit 
(igs. S12 to S14 and table SI), 

In the two Blue Ridge locations, there were 
few basins with CRN data directly adjoining one 
‘nother. In these locations, we calculated an av- 
‘rage differential erosion rate across the escam- 
ment itself. We divided the escarpment into three 
‘segments (Iwo segments as shown in fig, S14 and 
‘one segment shown in fig. S13) that had erosion 
rate measurements on each side. We then deter 
mined the mean erosion rate of each side of the 
‘escarpment by taking the mean erosion rate of 
basins proximal to the escarpment, but draining 
in opposing directions, We differenced these mean 
‘erosion rates to calculate an escarpment-averaged 
‘AE, We then calculated the mean Ay across each 
‘escarpment segment by differencing, in the same 
direction, the mean channel head 7, values along 
the escarpment segment. The results from all three 
study areas were normalized by dividing AF and 
‘Ay by their respective mean E or 7 for the two 
‘basins being compared (Fig. 6, inset) 

We also tested how much of the overall var- 
ince in the CRN erosion rate data could be ex- 
plained by the cross-divide x gradients. We calolsted 
fan average cross-divide Ay for a basin by 
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integrating the difference of channel head % 
‘across the exterior perimeter of each basin. This 
provides an aggressivity metic, in which positive 
‘values indicate basins that are likey growing atthe 
‘expense of their neighbors, whereas basins with 
negative values are victims that ae likely to be 
shrinking, These ageressvity indices are compared 
‘with basin-wide erosion rates in fig, SIS. 


‘Movie $1. Numerical simulation showing the 
evolution of z during landscape reorganization, 


Data Archive. Chi maps for each region can be 
downloaded in kml format fom www:sciencemag, 
‘org/content/343/6175/1248765/supp/DC1. Data 
details are given in table S2 
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Introduction: Many genetic variants associated with common disease susceptibility occur close 
to immune-related genes in noncoding DNA, suggestive of a regulatory function. The definition of 
functional variants and the specific genes that they regulate remains challenging and in many cases 
is unresolved. We hypothesized that a significant proportion of variants, including those implicated 
in disease, may show activity in a context-specific manner and therefore only be identifiable upon 
triggering of immune responses. 


‘Methods: We mapped interindividual variation in gene expression as a quantitative trait, d 
ing expression quantitative trat loci eQTLs). To investigate the effect of innate immune stimuli on 
eQTs, we exposed primary CD14* human monocytes from 432 European volunteers to the inflam- 
matory proxies interferon-y (IFN-7) or differing durations (2 or 24 hours) of lipopolysaccharide 
(LPS). eQTL mapping was performed on a genome-wide basis with an additive linear model. A subset 
of 228 individuals with expression data available for all experimental conditions enabled cross- 
treatment comparisons. 


Results: Stimulation with LPS or IFN-y resulted in profound effects across monocyte eQTLs, with 
hundreds of genes and associated pathways demonstrating context-specific eQTLs dependent on the 
type and duration of stimulus. Context-specific eQTLs frequently intersected established canonical 
pathways of monocyte signaling and included key nodal genes and effector molecules. These eQTLs 
are typically more distal to the transcriptional start site and, in some cases, showed reversal of 
effect between conditions. We also found stimulation reveals novel eQTLs with simultaneous effects 
involving many genes (trans-eQTLs). Examples included coding polymorphisms in CYP1B1, P2RY21, 
and /D02 that modulate activity and develop trans network effects upon stimulation; an LPS-specific 
IFN- cytokine network response driven by a cis-eQTL for /FVBZ that was only revealed over time; an 
erferon regulatory factor 2 (IRF2) transcription factor modulated network up-regulated by IFN-y 
volving a cis-eQT for IRF2; and an IFN-y-inducible trans gene network involving the transcription 
factor NFEZL3. We find trans associations to the major histocompatibility complex are dependent 
on context, paralleling the expression of class Il genes. Induced eQTLs were enriched for disease 
risk loci with context-specific associations to many putative causal genes including at ATM, IRF8, 
and CCR3. Conditional analysis defined additional independent stimulus-specific peaks of associa~ 
tion for a given gene. For CARD9 we observed, in addition to a constitutive eQTL informative for a 
genome-wide association study locus for Crohn’s disease, a stimulus-specific peak eQTL after IFN-, 
defining a further independent signal of disease association. 


Discussion: Interindividual varia- 8 
tion in immune responses is accom- 
panied by diverging patterns of 
gene regulation dependent on 
underlying genotype. In human 
monocytes, many regulatory vari- 
ants display functionality only 
after pathophysiologically relevant 
immune stimuli, By considering the 
cellular and environmental context 
relevant to disease, i is possible to 
more extensively resolve functional 
genetic variants and the specific 
modulated genes associated with 
disease. 
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FIGURES IN THE FULL ARTICLE 


Fig. 1. Genotype modulates the gene 
expression response to innate immune 
stimuli in monocytes. 


Fig. 2. Trans-eQTL demonstrate context 
specificity and identify master regulatory 
loci after treatment. 


Fig. 3. Temporal effects for a stimulus- 
specific trans-eQTL. 


Fig. 4. Cis regulation of IRF2 at 1513149699 
has profound transcriptional consequences 
in trans. 

Fig. 5. Stimulus-specific eQTL and GWAS. 


Fig. 6. Examples of context-specific eQTL 
informative for disease risk. 


SUPPLEMENTARY MATERIALS 


Materials and Methods 
Figs. S1 to S12, 

Tables 51 to 57 
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Context-specific genetic association with differ- 
ential gene expression in IFN-i signaling. (A) A 
local association (cs-eQTL) with JFNBT expression for 
a single-nucleotide polymorphism (rs2275888) 
revealed after 2 hours of LPS stimulation af mono- 
cytes. (B) This genetic marker shows association with 
expression of 17 genes on different chromosomes 
(trans-eQTLs) after 24 hours of LPS stimulation, form- 
ing a gene network (C) consistent with the IFN-B sig- 
naling cascade. 
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Innate Immune Activity Conditions the 
Effect of Regulatory Variants upon 
Monocyte Gene Expression 


Benjamin P. Fairfax, * Peter Humburg,*+ Seiko Makino,}+ Vivek Naranbhai,* 
Daniel Wong,? Evelyn Lau,? Luke Jostins,* Katharine Plant,* Robert Andrews, 


Chris McGee,? Julian C. Knight** 


To systematically investigate the impact of immune stimulation upon regulatory variant act 


we exposed primary monocytes from 432 healthy Europeans to interferon-y (IFN-y) or 
differing durations of lipopolysaccharide and mapped expression quantitative trait loci (eQTLs). 


‘More than half of cis-eQTLs iden 


ied, involving hundreds of genes and associated pathways, 


are detected specifically in stimulated monocytes. Induced innate immune activity reveals 
multiple master regulatory trans-eQTLs including the major histocompatibility complex (MHC), 
coding variants altering enzyme and receptor function, an IFN-( cytokine network showing 
temporal specificity, and an interferon regulatory factor 2 (IRF2) transcription factor-modulated 


network. 


Induced eQTL are significantly enriched for genome-wide association study loci, 


identifying context-specific associations to putative causal genes including CARD9, ATM, and 
IRF8. Thus, applying pathophysiotogically relevant immune stimuli assists resolution of 


functional genetic variants, 


inflammation are involved in the pathogen- 

esis of a broad range of common diseases 
including inflammatory bowel disease, athero- 
sclerosis, rheumatoid arthritis, and cancer. More- 
over, a significant proportion of common disease 
risk loci identified with genome-wide associa- 
tion studies (GWAS) implicate immune genes (). 
‘Mast GWAS loci consist of single-nucleotide poly- 
‘morphisms (SNPs) within noncoding, putatively 
regulatory DNA, offen ata distance ftom any gene 
coding regions (2), The identification of functional 
regulatory variants and associated modulated 
{genes is key to interpreting GWAS findings and 
establishing how genes are associated with dis- 
‘ase, This can be explored by mapping gene ex- 
pression as a quantitative trait (@QTL mapping) 
9, 

The effect ofa regulatory variant on gene ex- 
pression is frequently dependent on the cell and 
tissue type (7-9). The extent to which specific 
cellular pathway activation by environmental 
agents can modulate regulatory variant effects 
is relatively unexplored. Monocytes are cardinal 
innate immune cells that constitutively express 
receptors responsive to pathogens and cytokines 
including Toll-like receptors (TLRs) (10), with 
activity being intricately rogulated by the cel- 
lular environment and interactions with other 
immune cell types. Upon stimulation, mono- 


[= immune activity and associated 
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cytes exhibit large-scale gene transcription with 
concomitant cytokine production, enhanced 
antigen processing, and migration (I/, 12) 
Context-specific genetic variants that directly 
modulate innate immune responses or gain reg- 
ulatory capacity upon pathway activation have 
been subject to selective pressure and may affect 
disease susceptibility (13). Its probable that such 
‘variants are widespread, although they are func~ 
tionally unidentifiable in resting cells. Support- 
ing this, macrophages derived from different 
mouse strains demonstrate multiple de novo trans- 
regulatory loci upon inflammatory stimuli (14), 
We hypothesized that the transformation in mono- 
cyte transcriptional activity accompanying innate 
immune responses would allow us to detect the 
effect of context-specific regulatory genetic varia- 
tion upon gene expression in humans, 


Results 


Innate Immune Stimuli-tnduced Transcriptomes 
Interindividual variation in the early (2 hours) 
and late (24 hours) inflammatory responses to 
lipopolysaccharide (LPS), a component of gram- 
negative bacterial cell walls that triggers TLR4 
signaling (10), and interferon-y (IFN-y) (24 hours), 
‘cytokine acting through the JAK-STAT (Janus 
kkinase-signal transducer and activator of tran- 
scription) signaling pathway, important in my- 
cobacterial and viral infections (15, 16), was 
characterized in highly purified primary CD14) 

human monocytes from 432 individuals of 
European ancestry. Genome-wide gene expres- 
sion profiling and genotyping were performed 
‘with HumanHT-12 v4 BeadChip (lumina) and 
HamanOmniExpress-I2v1,0 BeadChip (Illumina), 


We tested 609,704 SNPs [minor allele frequency 
(MAF) > 0,04] and expression data for 15,421 
probes for 414 individuals in the naive state, 367 
individuals afier exposure to IFN-y, 322 indi- 
Viduals after 24-hour LPS, and 261 individuals 
after 2-hour LPS. To allow comparison with naive 
monocytes ffom the same individuals, expression 
data from untreated, incubated samples from a 
subset of 59 individuals were used to regress 
‘out expression changes attributable to incubation 
from the treated samples. Data across all four 
conditions were available from 228 individuals, 
pemnitting crosstreatment comparison. As anticip- 
ated, treatment induced significant changes in 
monocyte expression profiles (table S1) with 
hierarchical cluster analysis demonstrating that 
‘group membership was defined by treatment (fig. 
SI). Analysis of differential gene expression was 
consistent with biological expectations in terms of 
identified canonical pathways, the most signifi 
‘cant upstream regulators, and the transcriptomic 
differences between early and late responses to 
LPS (table SI and fig. $1) (17). 


Identifying Context-Specific Local Genetic 
Regulatory Variants 

Local, likely cis-acting eQTL (referred to as 
ciseQTL) were defined as SNPs showing as- 
sociation with gene expression that were located 
‘within a 1-Mb window of the associated probe 
We tested for association with gene expression 
using an additive linear model (/8). We included 
surrogate variables consisting of major princi- 
ppal components (PC) of the expression data as 
covariates to imit the effect of confounding fic- 
tors. Similar to others (19, 20), we find this en- 
hhanced detection of cis- and trans-eQTLs (fig. $2). 
Using this approach, we found that the majority 
of all cis eQTLs observed affected gene expres- 
sion only upon cell stimulation, and a significant 
proportion of constitutive eQTL. present in naive 
cells were no longer present after treatment 
(Fig. 1, A and B, and table 2). Across all four 
data sets, most genes show evidence of eQTL, 
‘with 83.7% of probes tested (12,905/15,421 probes) 
showing association under at least one condition 
[false discovery rate (FDR) < 0.05}. 

For the 228 individuals for whom we had 
‘expression data for all four conditions, we ob 
served 21,516 independent cis SNP-probe asso- 
ciations across data sets (defined as the most 
significantly associated SNP with expression for 
‘a given probe per data set), 24.6% of which had 
the lowest P value for association in naive cells, 
21.6% afer 2-hour LPS, 25.4% after 24-hour 
LPS, and 28.3% after IFN-y. A total of 11,476 
probes had at least one eQTL, of which 43.4% 
(4977 of 11.476) only had eQTL after mono- 
cyte stimulation. We find that eQTL are simi- 
larly specific to the unstimulated state, with $4.1% 
of naive eQTL (2866 of $299) not found after 
treatment (Fig. 1A, fig. S3, and table 2). One 
explanation for many context-specific eQTL is 
that treatment increases expression to quantifiable 
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levels, thus allowing eQTL detection. To in- 
‘vestigate the extent to which this contributed to 
the observed stimulus specificity of eQTL, we 
restricted our analysis to probes with detectable 
expression (Illumina detection score P < 0.01) 
in more than 90% of samples from each data 
set We found that 33.4% (1702 of S082) of 
these probes only had an eQTL after treatment, 
indicating that contextspecific eQTL are identi 
fied because of both treatment-induced regulatory 
effects and treatment-inducing gene expres- 
sion to detectable levels. We observed that the 
range of effect sizes (all eQTL, 6.0 to 94.7%: 
‘median, 11.3%) was markedly similar across the 
different conditions, although IFN-y-associated 


QTL had slightly larger effect sizes than all 
others (fig. S4). 

Cell-specific eQTL more often involve en- 
hancer elements distal to the transcription start 
site (TSS) when compared to eQTL shared across 
cell types (7). It is unclear whether eQTL induced 
‘by innate immune stimuli show a similar dis- 
tribution, By analyzing all expression associated 
SNPs (eSNPS), we found thatthe more conditions 
‘an eSNP was observed across, the more proximal 
it was to the TSS (P <2.2 x 10"), Even when 
assessing only significant eSNPs with associa 
tion below a P< * 10 threshold, a similar 
effect was apparent (P< 2.9 « 10"). We find 
that the effect size for an eSNP increases with 


proximity to the TSS (lig. $5) and that eSNPs 
that could only be observed afer treatment were 
significantly more distal than those observed in 
the naive state (P <2.2 x 10°") (fig. $5), con- 
sistent with the pattem previously observed with 
cell type-specific eQTLs, 

For a minority of eQTL, associations were ob- 
served across conditions, but with the direction of 
cffect switching between those conditions, We 
mapped the most significant association per 
condition (17) and identified 20 genes, includ- 


ing HIPI and STEAPS, with shared peak eQTLs 
mapping to a single locus but with opposing 
directions across conditions (Fig. 1C, 
and table $2). 


ig. $6, 
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Fig. 1. Genotype modulates the gene expression response to innate 
‘immune stimuli in monocytes. (A) Cis-eQTL mapping of 228 individuals 
with matched expression data available across all four treatments shows 
that the majority of eQTL are context-dependent. Genes with significant 
eQTL (FDR < 0.05) are hierarchically clustered along the y axis according 
to the t statistic of the most significant eQTL present across treatments 
(along the x axis), (B) Gene expression values before and after treatment 
plotted pairwise by individual. In clockwise order: 2-hour LPS induces 
{erential expression of JLTGRAP dependent on 152058659 genotype; 2-hour 
LPS treatment results in uniform PPARG up-regulation, whereas continued 
LPS exposure over 24 hours is associated with reduction in expression in 
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caters ofthe A allele of 15709162; an eQTL tagged by 157131225 found 
in untreated cells (naive state) for GDPDS transcription could not be de- 
tected after gene induction with IFN-y; and IFN-y stimulation leads to 
induction of STAPI expression in carriers ofthe T allele of rs7700004, relative 
to the C allele. (C) CiseQTL displays contestspecitic directional effects 
151179625 is the SNP with the greatest effect on expression of HIP2 in the 
naive state and after 24-hour LPS but exhibits opposing direction of effect. 
1, not significant. (D) Induction by LPS reveals stimulus-specificcs-eQTL for 
ITA and TNF. (E and F) Genes within the (E) TLRS signating and (F) IFN-y 
signaling pathways highlighted for those with eQTL for shared data set 
illustrating context specificity. 
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A diverse sot of immune-related genes were 
found to show eQTL afier induction with LPS 
or IFN-y, ranging from transcription factor 
‘genes such as ETS2, JUN, and IRF? (interferon 
regulatory factor 2) to key cytokines and recep- 
tors such as JL8 (interleukin), 1L32, ILISRI, 
and FAS (lable $2), For LTA, an eQTL was ob- 
served after -hour LPS, whereas no eQTL was 
apparent for TNF on induction at 2 hours but 
‘was seen on down-regulation after 24-hour LPS 
(Fig, 1D). We investigated the relationship of 
specitic treatments with observed eQTLs in terms 
‘of canonical gene pathways. This resolved con- 
tiguous pathways of induced eQTL. activity (fg. 
S17). For the TLR4 pathway, eQTL specific to 
treatment were revealed for nodal genes includ- 
ing TIRAP, TRAF6, FADD, and MAP (mitogen- 
activated protein) kinase genes, whereas genes 
‘encoding key components of the inflammasome 
such as CASPI and PYCARD, as well as down- 
stream cytokines including IL6, CXCL9, and 
JENBI, showed eQTL specific to early and late 
responses to LPS (Fig. 1E). Similarly, treatment 
revealed eQTL in nodal IFN-y signaling path- 
‘way genes and many downstream genes involved 
inthe proteasome, apoptosis, antigen processing, 
‘and presentation (Fig, IF). 


Trans-eQTL and Stimulus-Specific Hotspots 
Associations involving distant genes (trans-eQTL, 
defined as SNPs >I Mb from the probe) may 
define gene networks regulated by specific 
SNPs and can provide unbiased insights into 
pathway identity and underlying biological pro- 
‘cesses, It is unclear whether the relative paucity 
of trans-eQTL observed in human eQTL studies, 
‘usually attributable to limited power, may also 
reflect that many trans networks are undetect- 
able in baseline states (2/), Our genome-wide 
QTL mapping across stimuli in the fall data 
sets, comecting for multiple testing, resolved a 
total of 1838 trans-associating genes at FDR 
<0.05 (394 genes at P <5 * 10", approxi- 
mate to Bonferroni-corected P = 0,05). Trans- 
associating loci showed a high degree of context 
specificity—most notably after IFN-y treatment 
‘when multiple novel trans-eQTLs were iden- 
tified that were frequently unobservable in the 
naive state (Fig. 2, fig. S8, and table $3). Sev- 
‘ral loc, such as the previously described 12q15 
locus at LYZ (8, 22) and the major histocom- 
patibility complex (MHC), showed significant 
trans associations across treatments, whereas 
other master regulatory SNPs were resolved only 
in LPS or IFNy-induced cells and putatively 
driven by cis-eQTL modulating cytokine release, 
enzymes, and transcription factors (Fig, 2) 


Stimulus Specificity for MHC Trans-eQTL 
‘The MHC has been previously associated with 
trans-eQTL in primary tissues (8, 19), Trans 
associations to the MHC predominantly map to 
SNPs in the class I region and demonstrate 
plasticity across stimuli (Fig. 2 and fig. $9), 
with 45 genes mapping in trans (FDR < 0.05) 
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to the class IT region after IFN-y treatment in 
the paired 228 data set, whereas after 24 hours 
of exposure to LPS, only one observation is 
made, Moreover, after IFN-y treatment, we soe 
the same trans-associating genes as in the naive 
state, but almost all show increased effect sizes. 
‘The number of trans-associated genes mirrors 
class II expression, where IFN-y and chronic 
LPS are associated with robust increases and 
suppression of class II gene expression, re- 
spectively (23) (fig. $9), suguesting that relative 
expression of class IT genes may control trans 
effects, 


Temporal Resolution of Cis- and Trans-eQTL. 
Involving IFNB Signaling 
Cis-cQTL regulating cytokine release could 
be envisaged to affect expression of eytokine- 
modulated genes in the inflammatory cascade 
resulting in dose response-invoked eQTL in trans 
lover time, An example of such temporal effects 
involves JFNBI, encoding the cytokine IFN-B, 
‘which exhibits « temporal relationship between 
genetic modulators and gene networks (Fig. 3). 
After 2-hour LPS (Fig. 3A), we observe a local 
cis-eQTL for JFNB/ at 152275888; the same 
SNP associated in trans afler 24-hour LPS with 
{IRP9, IFI6, EPSTII, LY6E, and MXI expression. 
We further interrogated trans associations to 
182275888 on a single SNP basis. Ths revealed 
that most associations oceur afler 24-hour LPS, 
‘with 17 genes in trans, many of which were arche- 
typal early interferon response genes (Fig. 3, B 
and C, and table $4). Ingenuity pathway anal- 
ysis (IPA) of trans-associatod genes after LPS 
Simulation resolved an IFN-S-driven network 
and identified a key role for the upstream reg- 
ulator IRF7 (P = 9.5 « 10°) (Fig. 3D). Anti- 
viral response was the most significant disease 
and biological annotation (P= 1 = 10°", 
‘whereas significant canonical pathways included 
interferon signaling (P = 5.8 = 10-*) and pat- 
tem recognition receptors (recognition of bace- 
via and viruses) (P= 6.7 = 10°), This temporal 
relationship between @ ciseQTL and tnns- 
associated gene network is consistent with the 
downstream consequences of differential IFN-B 
expression afler LPS induction modulated by 
152275888, 


Coding Polymorphisms Associate with 
Stimulus-Specific Trans Networks 

We identified stinmulus-specific trans networks 
putatively driven by coding variants. One such 
‘example is a trans hub observed at rs 800440, 
which codes for an amino acid substitution 
(p.Asn453Ser) in the first exon of CYPIBI, en- 
‘coding a monocyte-expressed cytochrome P450 
‘enzyme (24). This polymorphism is associated 
with a reduction in the halflife of CYPIBI to 
‘one-third that of wild type (25) and is a cis- 
eQTL for CYPIBI (table $2), consistent with 
reduced half-life driving a compensatory 
increase in transcription of the variant allel. 
Single SNP analysis of rs1800440 identified 
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43 genes, predominantly implicated in cancer 
‘and the inflammatory response, associating in 
trans after IFN-y treatment (table S4), This var- 
jant shows significant variation in interpopula- 
tion allele frequency, the minor allele being: very 
rare in African and Asian populations [fixation 
index (FST) of 0.288 (P= 0.03) and integrated, 
hhaplotype score (IHS) of -2.126 for the CEU 
(Caucasian) HapMap population], suggesting 
possible selection pressure 

Similar examples of structural variants driv- 
ing trans networks were identified after IFN-y 
up-regulation of 1DO2 involving a pArg248Tmp 
substitution in exon 9 (rs10109853), which re~ 
sults in a 90% reduction in tryptophan cata- 
lytic activity (26), and after LPS induction to 
4 p.Ala87Thr variant (183745601) in P2RYIT 
modulating ligand binding (27) (fig. S8 and 
table $3). 


Gene Targets of the Transcription Factor IRF2 
‘Modulated by a Stimulus-Specfic Cis-eQTL 
CCis-eQTL that regulate transcription factor abun- 
dance may generate associations in trans to tan 
scription facior target genes (8, 19, 22, 28, 29) 
We rport a significant contextspecifc trans gene 
hu to chromosome 4q35 tagged by 1313149699, 
“This SNP displayed a strong stimulus-specific cis 
association with JRF, encoding the transcription 
factor IRF2. Caniage ofthe A allele of 1313149699 
resulted in LPS-induced up-regulation of IRF2 
expression, whereas the G allele was associated 
‘ith coincident suppression of expression, IFN= 
stimulation caused up-regulation of both JRF2 al 
lees, although more markedly so in A allele car- 
riers (P= 69 » 10“) (Fig. 4A). The ENCODE 
data set (30) shows that rs13149699, which is 
located in an intergenic region 57 kb telomeric 
to IRF2 (Fig, 4B), is spanned by a deoxyribo- 
nuclease I (DNase 1) hypersensitive site in pri 
mary CD14" monocytes and binds a cluster of 
transcription factors including REL-A (nuclear 
factor xB p65) (fig. $10). Inthe stimulated cells, 
this SNP is associated with a major tans network, 
and on single SNP analysis, more than 300 trans 
genes were defined in the complete data sets 
(Fig. 4,C to E, and table $4). Analysis of paid 
sumples showed no probes associating inthe naive 
cals, implicating tratmentinduced differential 
expression of IRF? at 113149699 as the diver 
of the trans network, IPA of 1813149699 trans- 
associated genes supported their modulation 
by IRF2 and interferon signaling, with overrep- 
resentation of interferon-associated pathways 
and IRF2 identified as an upstream regulator 
(P=79« 10"), 

To investigate whether these trans-assoiated 
genes were bora fide IRF2 targets in monocytes, 
‘we performed chromatin immunoprecipitation 
followed by high-throughput sequencing (ChIP- 
seq) for primary monocytes from two healthy 
volunteers using the same experimental condi- 
tions to define IRF2 binding sites (table $5), 
We found that genes in trans to rs13149699 
‘were significantly enriched for IRF2 binding in 
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conesponding treatments (Fig. 4, F to H) with 
8.0- and 8.7-fold relative increase in trans- 
associate ones residing in a 25-kb window around 
IRF? binding sites after 2-hour LPS or IFNy, 
respectively, compared to those not in trans to 
1513149699 (LPS? P= 3.5 « 10-6 IFNey P= 
1.9 « 10°; Fisher's exact test). It was apparent 
that not only were genes in trans to 1813149699 
dependent on stimulation, but also that different 
stimuli elicited diferent genes in trans, imply- 
ing that IRF2 regulation is simitarly context. 


2278888 
ENA 


dependent, IRF? is induced by IFN-y and has 
both transcriptionally repressive and activat- 
ing properties, antagonizing the action of IRF1 
‘nd modulating the IFN-induced immune re~ 
‘sponse, notably to viral infection (3/—33). Con- 
sistent with this, whereas most genes in trans to 
1513149699 showed opposite allelic association 
to the ciseQTL for JRF2, indicating inhibition 
by IRF2 expression, a significant proportion of 
trans genes showed the same allelic associa- 
tion consistent with induction by higher IRF2 


Bo raazassos 
BoRyit 
2° 
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expression (fig, $10). This analysis highlights 
‘how ChIP-seq can confirm putative mechanisms 
Of trans associations and reveal context-specific 
transcription factor targeting of genes. 


‘An Inducible Trans Gene Network Involving 
NFE2L3 and the Proteasome 

‘A further example of a context-specific trans 
network involving a transcription factor con- 
sisted of 23 genes encoding proteins involved in 
the ubiquitin-proteasome system (4), whose 


wn 2 
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Fig. 2. Trans-eQTL demonstrate context specificity and identify master 
regulatory loci after treatment. (A to D) Circular plots demonstrating 
chromosomal location of trans-acting eQTL of nave (A), hour LPS treatment (B), 
24-hour LPS treatment (Q, and IFN treatment (D). From outside to inside: examples, 
‘of major trans hubs ae indicated by 1s number of lead eSNP and for that eSNP the 
name of any cs gene, the nearest gene or genomic region; chromosome number; 
‘colored dots are significant transQTL (olor denotes treatment, sie relative login 
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P value as per legend); black dots are significant cis-eQTL to the same SNP 
in these treatments, possibly identifying driver genes; gray lines indicate 
probes significantly regulated in trans; innermost joining lines ilustrate 
start and end points of multiloci trans-eQTL (unique to a treatment by 
colored lines, observed in a minimum of two data sets by gray lines) — 
only multiloci QTL mapping to more than one probe with an FOR <0.05, 
in the shared data set (n = 228) are illustrated. 
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expression was associated with 152057763 after 
IFN-y (fig. S11 and table S4), Twelve of these 
trans genes encode subunits of the 26S proteasome, 
including the 208 proteasome core (PSMAJ, 
PSMB2, PSMB4, and PSMB6) together with 
the 195 regulator complex (PSMC3, PSMC4, 
PSMCS, PSMDI, PSMD3, PSMDII, PSMD13, 
and PSMDI4), suggesting that this SNP alters 
the expression of a key proteasomal regulator 
in response to IFN-y. IPA revealed that protein 


ubiquitination was the only significant path- 
way (P= 9 10 *°) with two top regulators of 
this network: NFE2L2 

coding Nrf2, a transcription factor that regu- 
lates genes containing antioxidant response 
elements (ARE) in their promoters, and the 
known Nrf2 inducer molecule 1,2-diothio-3- 
thione, 132087763 is an intergenic SNP 36.7 kb 
from the closest gene on chromosome 7plS en- 
coding NFE2L3, a relatively poorly character- 


RESEARCH ARTICLE i 


ized NFE2L2 homolog, recently recognized to 
play a key role in inflammation (35). Probes 
to NFE2L3 were not analyzed in the primary 
‘analysis because of risk of SNP hybridization 
artifacts. We therefore performed quantitative 
polymerase chain reaction (qPCR) on both 
the 3° untranslated region and exons 1 and 2 
of NFE2L3 in monocytes from a randomly se- 
lected subset of 84 individuals after IFN-y and 
observed a cis-eQTL for 152057763 (fig, SI), 
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Fig. 3. Temporal effects for a stimulus-specific trans-eQTL. (A) A 
stimulus-specifc local cis-acting eQTL for /FNBI in monocytes after 2-hour 
LPS treatment tagged by 152275888, which is in complete linkage dis- 
equilibrium (LD) (= 1) with 15 other SNPs located ~60 kb telomeric to 
JFNB1 within the intronic sequence of PTPLADZ. (B) 152275888 is sig- 
nificantly associated in trans with expression of knowin interferon-induced 
genes including /F16 and ESTI1 only after 24-hour LPS. (C) Single SNP 
analysis at 152275888 to resolve further genes in trans defined 17 genes 
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showing significant trans association (FDR < 0.05) to 152275888 after 
24-hour LPS stimulation as illustrated in this circular plot. (D) IPA network 
analysis of trans-associated genes after LPS induction revealed a major 
network containing 19 genes (P = 1 x 10“) based on the fit of the trans 
genes and biological functions. The IFNB signaling cascade is shown with 
trans-associated genes to 152275888 highlighted supporting the 
associations arising through cis-eQTL-driven differential expression of 
JeNB2. 
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supporting NFE2L3 as the probable driver be- 
hind this network. 


Informativeness for Disease 
To further investigate the relationship between 
innate immune stimuli-induced eQTL and hu- 
‘man disease risk loci resolved by GWAS, we 
first defined independent associations to the 
same probe interrogating gene expression with- 
in and between treatments. To do this, we re- 
solved SNPS associated with the same QTL 
into independent peaks of association among the 
shared data set of 228 individuals by conditional 
analysis (17). This revealed that although the 
‘majority of probes associated witha single peak, 
{98% of probes had a second peak in naive mono 
cytes, with up fo three peaks in a small number 
of instances (Fig, SA). Similar proportions were 
observed after treatment, the number of probes 
‘with two peaks modestly increasing to 11% afier 
IFN-y treatment. Considering all probes with a 
peak in the naive state, additional peaks specific 
to stimulation were found, most markedly after 
IFN-y treatment (Fig. 5B) 

‘The overlap between primary peaks defined 
for each condition and disease loci reported in the 
GWAS catalog (www:-genome.gov/gwastudies/) 
‘was subsequently assessed. Overall, 467 primary 
peaks overlapped with a GWAS locus, 248 of 
‘which were only observed in a stimulated state 
(able $6). To ascertain whether specific traits 
‘were enriched, we curated GWAS traits for mem- 
bership of one or more disease categories on an 
‘organ-specific and systems approach. Observed 
cis QTL were found to be most significantly 
‘overrepresented in traits related to bacterial in- 
fection (naive, 2-hour LPS), renal diseases (all 
‘except 2-hour LPS), and inflammation and im- 
munity (all subsets) (Fig, 5C). Corespondingly, 
‘we observed underrepresentation in cancer, car- 
diovascular, and genetic traits, 

‘The observation that many GWAS loci over- 
lapped with QTL specific to induced cells (Fig. 
SD) is consistent with the hypothesis that disease 
risk alleles may manifest activity in a context- 
specific manner (36, 37). Noteworthy examples 
‘we identified include a unique cis-eQTL to the 
serine threonine kinase gene ATM after exposure 
to IENy (r5609261, P= 7.8 * 10") in complete 
LD to a GWAS SNP for mtformin response in 
diabetes (38). Notably, IFN-y has been shown to 
activate the ATM pathway (39), and ATM itself 
plays a key role in the IFN-y response (40). Our 
data suggest that differential expression of ATM 
may be driving this association with metformin 
response in a highly context-specific manner. 

For RFS, a novel treatment-specific cis- 
QTL is seen, maximal after induction of gene 
‘expression by LPS for 2 hours (P=9.9 x 10°”), 
for which the peak SNP, 1517445836, is also a 
lead GWAS SNP for multiple sclerosis (MS) 
and associated with up-regulation of interferon 
response gene sets in peripheral blood mono- 
nuclear cells (PBMCs) from MS patients (41), 
For the chemokine receptor 3 gene (CCR3), we 
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also find evidence of a stimulus-spociic cis-eQTL, 
afer 24-hour LPS (P= 2.3 = 10°"), for which 
the lead eSNP was recently reported as the peak 
GWAS SNP for Behget's disease, a multisystem 


inflammatory disorder involving severe vasculitis 
(42), Other observations include an eQTL to JRF 
with the peak SNP (P.xs2 = 69 * 10°”) over- 
lapping with a Crobn’s locus (43) and an eQTL 
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Fig. 4. Cis regulation of IRF2 at 1513149699 has profound transcriptional consequences in 
trans. (A) A significant cs-eQTL to the transcription factor IRF2 seen only after treatment (P values 
shown for shared data set; in the full data sets, Purse = 2.1 x 10-*, Pirsos = 6.4 x 10°? , Pony = 2.6 X 
10, and Prane = n9). (B) Local association plot for 367 individuals after IFN-y treatment including 
‘imputed genotypes. The peak eQTL for IRF2 remains 1513149699, 57-kb 3’ to the gene. (C) eQTL analysis 
was performed on 1513149699 alone in the shared (n = 228) data set to identify associated genes missed 
due to correction for multiple testing across all SNPs—qq plots demonstrating number of probes with 
‘expression associated with 1s13149699 across treatments. Treatment results in significant numbers of probes 
deviating from expected, with greatest deviation after 2-hour LPS. (D) Bar charts demonstrating number of 
significantly associated probes at diffrent FDR thresholds, Note relative absence of associations in untreated 
state despite the same number of tests being performed. (E) Circular plots demonstrating location of trans- 
eQTL (FDR < 0.05) after analysis on 1513149699 in the complete data sets. (F) Windows flanking probes 
tested for eQTL were defined, and the number of IRF2 ChiP-seq binding sites per treatment was counted, 
Probes in trans to rs13149699 were significantly enriched for IRF2 binding in both treatments (Fisher's exact 
tes). (G) Box plot showing allelic expression of RAB24 by 1513149699. (H) ChiP-seq for IRF2 from primary 
monocytes for different treatments illustrating differential binding O5-kb 3° to RAB24. Alo shown are 
ENCODE tracks for CD14* DNase | hypersensitty, H3K27Ac (seven cell lines), and vertebrate conservation 
(Multi Alignment & Conservation 100 Species) 
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‘observed to the gene LILRAS only after 24-hour 
LPS intersecting with a prostate cancer locus (44). 


‘Stimulus-Specific eQTL, CARD9, and Crohn's 
Disease Risk 

The resolution of context-specific eQTL can 
also enable the identification and interpreta 
tion of new discase associations from existing 
GWAS. For the autoimmune disease-associated 
‘gene CARD9, we identified a second indepen- 


A B 


dent stimulus-specific eQTL following IFN-y 
in addition to a constitutively active eQTL (Fig. 6, 
A and B, and fig. S12). The latter is tagged by 
peak SNPs that define a GWAS locus for inflam- 
matory bowel disease and ankylosing spondylitis 
(45, 46). We hypothesized that if differential 
expression of CARDS is the functional mecha- 
nism underlying observed GWAS signals, the 
independent IFNy-specific eQTL may addition- 
ally show evidence of disease association. A 
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Fig. 5. Stimulus-specific eQTL and GWAS. (A) Independent associations to the same probe within 
and between treatments were defined. The frequency distribution of the number of peaks observed per 
probe is shown by condition. (B) For genes showing an eQTL in naive cells, the number of such genes 
with an additional stimulus-specific eQTL is shown according to stimulus and whether the eQTL were 
specific to that treatment or observed with two or all stimuli. Examples of immune relevant genes with 
second eQTL specific to a given stimulus are listed. (C) Enrichment analysis of treatment-specific eQTL 
by GWAS ontology category. (D) Manhattan plots demonstrating eQTL present in denoted treatment. 
Colored points correspond to eQTL where the primary peak is either a GWAS-identified locus or in 
F > 0.8 with a GWAS locus found in treated, but not naive, monocytes, 
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large cohort of Crohn's disease (CD) patients 
and controls (46) confirmed that the constitu: 
tive CARDY peak eQTL is associated with a 
risk allele for CD fis4077515, Paywas 2.2 * 107° 
‘odds ratio (OR) 1.25 (95% confidence inter- 
val, 1.20 to 1,30)), Notably, conditional analy- 
sis demonstrated that the induced CARD9 peak 
QTL was further associated with an indepen- 
dent signal of protection for CD [rs11145766 
shows independent association with reduced 
risk of CD, Pawas 3.7 * 10° OR 0.73 (0.63 
to 0.84)] (Fig. 6, C and D). These effects were 
independent of reported associations that in- 
volved rare variants of CARD9 (47), Bot risk 
alleles were associated with reduced CARD9 ex- 
pression, consistent withthe key role of CARD9 
as an adaptor protein coordinating innate and 
adaptive immune responses and mounting an p- 
propriate IFNy gut response to pathogens (48), 


Dissecting GWAS Mechanisms 
We wished to explore whether allele-specific 
correlation analyses can identify gene sets and 
pathways associated with risk genotypes that are 
potentially informative as to underlying: patho 
‘genic mechanisms. A notable treatment-specific 
ciseQTL was observed at 133859192 to GSDMA, 
most significantly after -hour LPS (P = 2.6 * 
10 *) (Fig. 6, E and F). This SNP is associated 
‘with white cell count (49) and asthma suscep- 
tility (50), and is.a known eQTL in lung resec- 
tions (51). The CEU genotype frequencies of this 
SNP are 0,257:0.496:0.248 (CCICT/TT), making 
it an ideal candidate for exploring underlying 
allele-specific regulation, 

‘We performed allele-specific comelation analy- 
ses across all probes with GSDMA expression, 
with probes deemed to be associated if P <1 
10°, equivalent to Bonferroni-corrected P < 
0.05. We observed 50 probes (corresponding to 
40 genes; table S6) with expression significantly 
correlated with GSDMA in individuals homo- 
zygous for the CC genotype but with no asso- 
ciation in the TT genotype (P > 0.01). The most 
significant probes mapped to SLCO2B/ (Fig. 6G), 
‘an ongnic ion transporter implicated in the trans- 
pot of large molecules including eicosanoids, 
leukotrienes, steroids, and certain drugs (52). 
Pathway analysis of these genes showed the top- 
‘upstream regulators to be IL13 (P= 1.5 « 10°), 
1L6 (P= 1.6» 10”), and CSFI (P= 2.0 « 107), 
strongly implicated in asthma pathogenesis, in- 
flammatory responses, and white cell count, respoc- 
tively. These data suggest that certain risk alleles 
can alter the correlated gene expression profiles of 
specific genes in a context-specific manner, pos- 
sibly removing such genes from their normal reg- 
‘latory influences. More generally, this association 
illustrates how eQTL defined for innate immune 
stimuli can potentially further inform understand 
ing of organ-specific disease, 


Discussion 
Polymorphisms within gene loci implicated in 
immune responses are associated with a wide 
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range of diseases, Understanding the genetic 
‘underpinnings of interindividual variation in 
immune and inflammatory responses is there- 
fore of fundamental importance. Here, we have 
assessed the effect of carefully defined innate 
immune stimuli of high relevance to monocyte 
activity upon the generation of primary mono- 
cyte eQTL, contrasting observations to those in 
the naive state, We illustrate how the majority of 
genes analyzed in monocytes demonstrate an 
QTL under at least one condition. The stimuli 
‘examined act through well-annotated pathways, 
causing large-scale changes in gene expression, 
and are known to affect chromatin remodeling, 
‘These two factors together likely underpin the 
hhigh degree of context specificity observed for 
induced eQTL. Our data demonstrate that ge- 
netic polymorphisms play a significant role in 
determining the transcriptional response to dif- 
fering innate immune stimu in human monocytes 
and that such effects may be context-specific 

‘The modulatory effects of genetic variation, 
‘on gene expression are seen for specific genes 
dependent on particular stimuli and the kinetics 
of the response. We uncover that such genetic 
effects may only be seen in the early response 
afier induction of expression oF less commonly 
in modulating the extent of subsequent down- 
regulation. Although we only analyzed two time 
points for LPS, it is plausible that similar tem- 
poral effects exist for IFNy and other stimuli 
We frequently observe pathways where multiple 
‘genes show individual and specific associations 
‘with particular genetic markers. Although we 
anticipated that ¢QTL might manifest only after 
cellular stimulation in highly inducible genes such 
as cytokines, as observed in 1L1B, 1L6, and LTA, 
less expected was the observation of similar in- 
duced eQTL in many upstream nodal genes such 
as TRAF6 and SOCSI 

‘The resolution of trans-acting genetic factors 
and associated gene networks is recognized to be 
highly informative but challenging (19, 28, 53) 
‘Treatment with innate immune stimuli reveals 
‘a number of marked trans-eQTL including reg- 
latory hubs. This may reflect a synchronizing 
influence of stimulation on the expression pat- 
tems of monocytes, allowing underlying genetic 
influences to be defined by reducing stochastic 
‘Variation atthe individual cell level. Notably, we 
observe opposing quantitative effects of chronic 
LPS and IFNy on the numbers of trans associated 
‘genes to the MHC class I region that parallel 
‘underlying class Il expression. These trans-eQTL 
are likely to arise from cis effects in the MHC 
and/or to specific human leukocyte antigen (HLA) 
alleles; however, clucidating the mechanisms un- 
‘dempinning this observation requires further inves- 
tigation. Context specific differential cis effects 
at other loci similarly are perceived to induce 
consequential trans networks as illustrated by 
those observed at JFNBY and IRF2, These data 
support a model where identifying the genetic 
cffects on a system requires the identification of 
‘pathway, and any relevant effects of variation 
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‘on upstream activation before the underlying im- 
pact of genetic variation and trans associations 
‘can be revealed. 


The integration of mapping cis- and trans- 
acting loci for specific cellular contexts with 
comparable data sets defining transcription 
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Fig. 6. Examples of context-specific eQTL informative for disease risk. (A) Local association plot 
showing evidence of cis-eQTL for CARD9 in naive cells. After conditioning for 154078099, no evidence 
‘of association is seen. (B) After induction with IFNy, in addition to the eQTL tagged by 134078099, a 
second stimulus-specific independent peak of association is tagged by 1536119806, (C) Local as- 
sociation plots for CD with SNPs colored as per (A) and (8). The lead SNP 1540771515 is in high LD with 
154078099 (r2 = 0.93); after conditioning, a second independent GWAS peak is seen (lead SNP 
1511145766, r? = 0.84 with 15136119806). (D) Box plots showing expression of CARD9 by allele in naive 
‘ells, and after IFNy stimulation, showing allelic association by SNP corrected for the effect of the other 
QTL or by combination of inherited alleles for 154078099 and 1536119806. (E) 153859192 is the peak 
QTL for expression of GSDAA, a transforming growth factor-f-regulated proapoptotic gene. (F) Local 
association plot for GSDMA expression after 2-hour LPS using imputed genotyping. (G) Allele-specifc 
‘correlation for expression values per genotype demonstrates significant regulation of GSDMA expression 
homozygous caries ofthe C allele by the solute transporter SLCO2Bz after 2-hour LPS with no association 
being present in homozygous caries of the T allele. Similar results were obtained analyzing monocytes 
after 24-hour LPS, and with both probes to SLCO2B1, with no association observed in the naive state. 
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factor binding, chromatin accessibility, and DNA 
looping across the genome (30) is a key step 
in resolving the functional genomic landscape 
oon an individual basis. This study demonstrates 
the importance of considering the cellular con- 
text, and by extension a myriad of other stimuli 
and the developmental state, in the continued 
effort to understand the nature and functional 
consequences of genetic variation and translate 
this into patient benefit through individualized 
therapy and more rational drug design. 


Materials and Methods 


Volunteer Collection and PBMC Purification 
This study was approved by the Oxfordshire 
Research Ethics Committee (COREC reference 
06/Q1605/55). A total of 432 volunteers of Eu- 
ropean ancestry were menuted in the Oxfordshire 
area after written informed consent. The cohort 
consisted of 194 males and 238 females with a 
median age of 30 years (mean, 33 years; inter 
«quartile range, 19 10 56 years). Whole blood was 
collected into anticoagulant EDTA-containing 
blood collection tubes (Vacutainer System, Becton 
Dickinson). PBMCs, purified using Ficoll-Paque 
dlensty gradients from 50 ml of whole blood, 
‘vere washed thre times in Hanks’ balanced salt 
solution without Ca" and Mg" (Invitrogen), 
and the number of cells was determined using 
4 hemocytometer 


‘Monocyte Separation 
‘Magnetic activated cell sorting (MACS, Miltenyi) 
‘was performed to positively separate CD14 

monocytes from 20 million PBMCS, as per the 
manufacturer's instructions. This is designed to 
provide a sample of ~99% purity. Flow cytom- 
try was performed on a subset of samples 
‘with similar purities observed. Typical mono- 
cyte yields ranged from 1 10" to 10 x 10° 
monocytes per individual, of which 5 > 10 un- 
treated cells were immediately suspended in RLT 
reagent (Qiagen) to form the naive subset and 
snap-frozen for RNA extraction at a later date 
All other monocytes were resuspended at a con- 
‘centration of 1 > 10°%al in 400 ui of prewarmed 
RPMI 1640 complete medium, supplemented 
‘with 20% fetal ealf serum, penicilnstreptomycin, 
and L-glutamine. Cells were rested overnight 
(16 hours) at 37°C, 5% COs in S-ml nonadherent 
polypropylene cell culture tubes (BD Biosciences) 
bofore stimulation assays. 


Stimulation Assays 
For stinalation-ameays, 4 > 10" ninnooyies were 
exposed to ultrapure LPS (20 ng/ml) (catalog # 
tirkpelps, Invivogen) for either 2 or 24 hours 
Alternatively, monocytes were exposed to IFNy 
(catalog # 285-IF, R&D Systems) at a concen- 
‘ration of 20 ng/ml for 24 hours. The number of 
treated samples per individual depended on the 
total number of cells purified, and the priority 
fon sample accrual was collation of IFNy-treated 
followed by 24-hour LPS and then 2-hour LPS, 
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respectively. Experiments were terminated simul 
taneously, ensuring identical incubation periods 
for all samples. A subset of samples was kept 
in the incubator without stimulation throughout 
this period to ascertain incubator effects, All ex- 
periments were completed within 48 hours of 
blood sample collection. 


Genomic DNA Extraction 
‘Genomic DNA was extracted fiom whole blood 
using the Gentra Puregene Blood Kit following 
the manufacturer’ instruction (Qiagen), The DNA 
‘was quantified by the PicoGreen dsDNA (double- 
stranded DNA) quantification assay (Invitrogen). 


RNA Extraction 
Total RNA was extracted in batches using the 
RNeasy Mini Kit from cells collected in the RLT 
reagent following the manufacturer's instruction 
using an additional DNase step to minimize con- 
tamination with genomic DNA (Qiagen). Total 
RNA was quantified by NanoDrop and Bioana- 
Iyzer for a subset of samples (Bioanalyzer RNA. 
{6000 Nano Kit, Agilent). 


Genotyping 
Genotyping was performed with Illumina 
HumanOmniExpress-12v1.0. BeadChip with 
coverage of 733,202 separate markers. PLINK 
(54) was used for initial genotyping quality con- 
trol (QO), including identity by descent (IBD) 
analysis to ensure individuals were unrelated, 
and heterozygosity testing and multidimensional 
scaling to identify population outliers compared 
to HapMap populations. For SNP filtering, we 
‘used sample and SNP call rates >98%. We used 
a MAF of 4% and a Hardy-Weinberg equilib 
rium threshold set at I x 10-®. We removed 11 
individuals because of failure in one or more 
QC citera, resulting in 421 individuals for fur- 
ther analysis with genotyping data available at 
{609,704 SNPs. Genotyping files were subse- 
‘quently converted from PLINK output for use in 
MatrisEQTL. 


Gene Expression Analysis 
Total RNA from naive and, where available, 
treated monocytes from each individual was 
‘quantified using the Hlumina HumanHT-12 v4 
BeadChip gene expression array platform with 
47.231 probes. Of these, 28,688 probes corre- 
spond to coding transcripts with well-established 
annotations (RefSeq content NM), 11,121 to 
coding transcript with provisional annotation 
(XM), 1752 to noncoding transcript with well- 
«established annotation (NR), 2209 to noncoding 
transcript with provisional annotation (XR), and 
3461 to experimentally confirmed mRNA se~ 
‘quences that align to expressed sequence tag 
(EST) clusters from UniGene. Analysis of 1488 
smrays was performed in three separate batches, 
the first consisting of 288 naive monocyte sam- 
piles as previously described (8). The second 
batch consisted of 636 samples from the same 
individuals randomized to individual and treat- 
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ment across array. A third batch consisted of 564 
samples composed of 144 further naive mono- 
cyte samples, as well as 420 treated samples that 
‘were similarly randomized to individual and 
treatment across arrays. Complementary RNA 
synthesis, cleanup, and hybridization were as 
pper the manufacturer's instructions. Arrays were 
read, and data were exported using BeadStudio 
software (Illumina). Samples were subsequently 
processed in R using the R packages lumi, lim- 
ima, and ComBat (55-57). Principal component 
analysis (PCA) was performed to identify sam- 
ples within each treatment cohort with outlier 
expression for removal from farther analyses. 
‘After QC and removal of duplicates and sam- 
ple outliers, 1438 independent samples were 
suitable for further analysis. Raw data were 
transformed and normalized using robust spline 
normalization within lumi, Samples were then 
comected for batch effects using ComBat, A 
linear model incorporating data from 59 un- 
treated, incubated samples and 421 untreated, 
nonincubated samples was used to estimate the 
effect of incubation on gene expression. This 
‘was then regressed from all treated samples to 
minimize the influence of incubator effects on 
the analysis, Differential gene expression anal- 
ysis was performed with the limma package 
Pathway analysis was performed with IPA 
(ingenuity Systems) to define gene networks, sig- 
nificant upstream regulators, and relationships 
‘with canonical signaling pathways. For network 
analysis of trans gene lists, a global molecular 
network based on the IP knowledge base (IPKB) 
‘was used with a P value based on the fit of the 
trans genes and list of biological functions with- 
in IPKB. 


Probe Filtering 
Normalization and correction for batch and 
incubator effects were carried out on all probes, 
Probes were subsequently selected for eQTL 
‘analysis. As previously described (8), probe se- 
{quences mapping to more than one genomic 
location using Basic Local Alignment Search 
Tool (BLAST) were excluded fiom eQTL anal- 
ysis. Additionally, 6137 probes found to anneal 
in wegions with SNPs present at a MAF of at least 
1% in the European population of the 1000 Ge~ 
‘homes Project were excluded from eQTL analy- 
sis to minimize potential confounding effects, as 
‘were probes mapping to non-autosomal locations. 
Remaining probes were included in eQTL analy- 
sis if they were present (Illumina detection P < 
0.01) in >2.5% of samples from a specific treat- 
ment or, alternatively, >5% of all samples. This 
resulted in 15,421 probes for analysis, mapping, 
to 11,168 independent Entrez ID. 


eQTL Analysis 
To account for confounding variation in the 
gene expression data, we carried out PCA for 
each of the four conditions, For each set of 
QTL analyses, the dominant PC were chosen 
for inclusion as covariates in the model such 
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that the number of significant associations was 
maximized across all conditions. This resulted in 
the use of 30 (cis analysis of 228 shared samples), 
16 (trans analysis of 228 shared samples), 40 (cis 
analysis of fall data sets), and 20 PC (trans 
analysis of full data sets) as shown in fig. S2. 
‘The eQTL analysis was performed with the R 
package MatrixEQTL (/8) using an additive 
linear model. SNPs were included in the cis, 
analysis if they were located within I Mb of the 
‘gene expression probe under consideration. Cor- 
respondingly, associations between SNPs and 
probes outside this window were deemed trans. 
FDRs reported for the resulting associations are as 
reported by MatrixEQTL. For single SNP QTL 
analysis, the same procedure was caried out, but 
‘with all analysis performed on a single SNP 


CChiP-seq Analysis 
“Monocytes were purified from donor blood cones 
from two healthy volunteers, and 5 * 10° cells 
‘were used per stimulation assay (= 6). Cells 
‘were cither untreated or treated as per LPS2 
and IFNy stimulations for the eQTL analysis. At 
the end of the experiment, cells were crosslinked 
and pellets were frozen. ChIP was performed 
with cross-linked cells lysed on ice ina lysis 
buffer [140 mM NaCl, 50 mM Hepes (pH 7.5), 
1 mM EDTA (pH 8), 0.5 mM EGTA (pH 8), 
(0.5% (vA) NP-40, 0.25% (wv) Tiiton X, and 10% 
glycerol]. Lysis buffer was supplemented with 
1 Complete Protease Inhibitor Cocktail (Roche), 
0.5 mM phenylmethylsulfony! fluoride (Sigma), 
pepstatin (10 gil) (Sigma), and leupeptin 
hhemisulfate (10 jg/ul) (Sigma) before usage 
‘Nuclear pellets were collected after brief cen- 
trifagation and washed using a buffer [10 mM 
tris (pH 8), I mM EDTA (pH 8), 2% (viv) Triton X, 
(0.2% (wiv) Na deoxycholate, 10% glycerol] sim- 
ilarly supplemented as described above. Sonica- 
tion to fragment cross-linked chromatin was 
carried out using the Bioruptor (Diagenode) at 
high power over 12 cycles of 30s each, Frag 
mented chromatin was incubated ovemight with 
Dynabeads (Life Technologies) precoated with 
10 ug of antiARF2 antibody [IRF-2 (C-19): so-498, 
Santa Cruz Biotechnology]. Progressive wash- 
ing of the chromatin-Dynabead mixture was 
then carried out in 10 mM tris (pH 8), | mM 
EDTA (pH 8), 1% (viv) NP-40, 0.7% (wiv) Na 
deoxycholate, 0.5 M LiCl, supplemented as pre- 
viously but using only 0.5* Complete Protease 
Inhibitor. Cross-links were reversed after an over- 
night incubation in elution buffer [10 mM tris 
(pH 8), | mM EDTA (pH 8), and 1% SDS} 
Immunoprecipitated DNA was obtained using 
phenol-chloroform extraction and purified after 
precipitation in ethanol. DNA was quantified 
using the High Sensitivity Qubit system (Life 
Technologies), and the fragmentation profile was 
assessed using a DNA HS 2200 TapeStation 
chip (Agilent). 

(ChIP libraries were prepared using the NEBNext 
DNA Sample Prep Master Mix Set I according, 
to the manufacturer's specifications, but with 


1246949-10 


the following amendments: end repair was car- 
ried out using 5 ul of NEBNext End Repair 
Reaction Buffer and 0.5 ul of NEBNext End 
Repair Enzyme Mix. Atal was carried out using 
5 ul of NEBNext A-tail Reaction Buffer and 
03 pl of NEBNext Klenow Fragment (35! 
cexo-) Enzyme Mix. Ligation was caried out using 
10 ul of NEBNext Quick Ligation Reaction 
Buffer and 0.5 ul of NEBNext Quick T4 DNA. 
Ligase Enzyme Mix. The NEBNext adapters 
were diluted 100-fold, and the amount added 
‘was adjusted if less than S ng of ChIP material 
‘was available. No size selection was carried out. 
PCR was done using the following reaction mix 
with 18 cycles of PCR: DNA (36 ut), 5* Phusion 
buffer (10 ul), custom paired end (PE) primer 
1.(1 nb, custom PE primer 2 (1 ul), ANTP (de- 
‘oxynucleotide triphosphate) mix (1.5 jl), Phusion 
polymerase (0.5 yl). The cleanup ater amplifica- 
tion was done at 1:0.85 (AMPure beadsDNA). 
‘The concentration of each library was determined 
by realtime PCR using Agilent gPCR Library Quan- 
tification Kit and a MX300SP instrument (Agilent). 
Sequencing was performed on an Mumina HiSeq 
2000 using 50-base pair paired-end reads. 

Reads were mapped using Stampy (58), and 
peaks were called with MACS? (59) using non- 
immunoprecipitated DNA as a control for en- 
richment. Analysis was performed with BEDTools 
(60). Only peaks found in both samples were 
used for comparison with trans-associated probes 
to 1513149699, We observed 481 independent 
peaks that overlapped by a minimum of 10% in 
the two biological replicates in the untreated 
state: 170 after 2-hour LPS2 and 154 after IFNy 
stimulation, The number of peaks found within 
defined distances (as per Fig 4F) of transasociated 
probes was counted and compared to those found 
Within the same distance of non-trans-associated 
probes that had been similarly tested for eQTL.. A 
Fisher's exact test was performed to test signif 
icance of number of occurrences per genomic 
‘window flanking the trans-associated probes ver- 
‘sus non-associated probes. 


Imputation of Genotypes 
Genotypes were prephased with SHAPEIT2 
(61), and missing genotypes were imputed with 
IMPUTE2 (62) in $-Mb chunks against the 
1000 Genomes reference panel (63). Summary sta- 
tistics foreach chunk were obtainad using SNPTEST 
(htips/imathgen stats. ox.ac.uk/genetics_software! 
snptest/mptest html), and sites with an informa- 
tion score of less than 0.9 or significant depar- 
ture from Hardy-Weinberg equilibrium (P < 
1 = 10) were excluded from further analysis, 
Genotype probabilities for all remaining sites 
‘were converted into dosage estimates and for- 
matted for use with MatrixEQTL, 


Conditional Analysis 
To investigate the presence of local associations 
in addition to the most significant SNP reported 
for each probe, we carried out a conditional 
analysis with imputed genotypes, To this end, 


the cis-eQTL analysis was repeated for all gene 
‘expression probes that had produced an asso- 
ciation with a P value of no more than 5 % 10°%, 
conditioning on the initial association. If no 
additional independent eQTL are present, it is 
‘expected that this will not identify any addi- 
tional significant associations. Conversely, any 
associations that are independent of the first one 
‘are expected to remain and may increase in sig- 
nificance. This process was iterated until no fir- 
ther significant associations remained (P < $ x 
10°). To confirm the presence of an indepen- 
dnt signal, this process was repeated for the 
second and third most significantly associated 
SNP for a given probe, Only examples where 
the secondary signal was present in all instances 
‘are reported, 

The resulting QTL were further character- 
ized by identifying the list of SNPs associated 
‘with each of the peak eSNPs. To this end, all 
SNPs that are showing significant association 
‘with gene expression are assigned to the eSNP 
‘with which they have the highest °. Peaks iden- 
tified in this way were matched across conditions, 
and the list of SNPs observed in all treatments 
in which the peak is present is reported. 


Overlap Between eQTL Signals and 
GWAS Catalog 

All traits listed in the catalog of published! GWAS 
(www.genome.gov/gwastudies/; date accessed 
10 January 2013) were extracted and expertly cu- 
rated into phenotypic groupings blind to GWAS 
‘oreSNP data. Groups were defined on the basis 
of oan specificity of a particular trait, disease 
process, or type. These included cardiovascular, 
respiratory, gastroenterological, urological, heu- 
‘matological, neurological, renal, endocrine, hema- 
tological, dermatological, bone, cancer, immunity 
‘and inflammation, autoimmune, allergy, genetic, 
viral infection, bacterial infection, parasitic dis- 
‘ease, measurement, physiological, metabolic, 
chronic or degenerative disease, reproduction, 
and drug-related. We recognized that classifica- 
tion of a given trait was possible into multiple 
‘groups, and fo capture this diversity, for each trait, 
‘we assigned trait membership into three pos- 
sible groups. 

A reported GWAS SNP was considered to 
coincide with an eQTL identified during the 
conditional analysis of cis associations if the 
‘GWAS SNP iself or any SNPs with > 0.8 with 
this SNP were part of one of the eQTL peaks 
(P<5* 10"). Enrichment of peak eQTLs for 
individual GWAS categories, as well as overall 
enrichment of GWAS SNPs, was tested with 
Fisher's exact test by comparing the overlap 
obtained for peak eQTLs to that observed for 
all SNPs tested for cis associations. Publicly avail- 
fable summary statistics for a 200-kb window 
‘around CARD from the latest CD GWAS meta 
analysis (46) were extracted using the Ricopili 
tool (www broadinstitute.org/mpe/ticopii). LD 
calculations were performed with PLINK (54) 
and the phase 1 1000 Genomes data (63), 
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Approximate conditional analysis, based on sum- 
‘mary statistics and LD properties, was cartied out 
using the method described in (46). 


Flow Cytometry 
To validate the changes in class Il HLA observed 
at transcriptomic level with IFN-y and LPS treat- 
ment, we assessed class Il expression on primary 
‘monocytes by multiparametric flow cytometry, 
Monocytes were stimulated, as described, before 
‘being washed and stained with violet viability 
‘dye (Invitrogen) as per the manufacturer's in- 
structions. To reduce nonspecific staining, a three- 
step procedure adapted from a protocol shared by 
R. Apps (National Cancer Institute, National In- 
stitutes of Health) was used. Human immuno- 
‘lobulin G (IgG) was added to each tube, followed 
bby mouse antichuman antibodies directed against 
HLA.DP (clone B7/21, Abcam), HLA-DQ (clone 
SPV-L3, Abcam), HLA-DR (clone 1243, BD 
Biosciences), or all class Il alleles (clone Tu39 
‘and SK10/SPV-L3 combined) or an isotype con- 
trol. After 20 min, cells were washed and stained, 
‘with sheep anti-mouse PE-labeled antibody (Sigma) 
and sheep IgG. 

‘Afiera further 20 min, cells were washed and, 
stained with mouse anti-human CD14-FITC (flu 
‘orescein isothiocyanate) (clone 613, eBioscience) 
‘and mouse IgG (Sigma). Cells were fixed with 
the paraformaldehyde containing Reagent A 
(Life Technologies), and data were acquired im- 
‘mediately on a FACSCanto (BD Biosciences) 
machine, A minimum of 10,000 gated monocytes 
‘wore acquired for each sample, Fluorescence-minus- 
‘one controls were used fo set gate thresholds, 


Data Presentation 


Graphs were generated using geplot2 (64) and 
R base packages. Box plots of gene expression 
data show values comected for confounding var- 
jance using gene expression PC as per eQTL 
analysis. Circular plots were created using the 
‘ggbio R package (65), and local association plots 
were generated with LocusZoom (66). 
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Common Genetic Variants Modulate 
Pathogen-Sensing Responses in 
Human Dendritic Cells 


Mark N. Lee,* Chun Ye," Alexandra-Chloé Villani, Towfique Raj, Weibo Li, Thomas M. Eisenhaure, 
Selina H. Imboywa, Portia |. Chipendo, F. Ann Ran, Kamil Slowikowski, Lucas D. Ward, 

Khadir Raddassi, Cristin McCabe, Michelle H. Lee, Irene Y. Frohlich, David A. Hafler, 

Manolis Keltis, Soumya Raychaudhuri, Feng Zhang, Barbara E. Stranger, 

Christophe 0. Benoist, Philip L. De Jager, Aviv Regev,t Nir Hacohent 


Introduction: Variation in an individual's response to environmental factors is likely to influence 
susceptibility to complex human diseases. The genetic basis of such variation is poorly understood. 
Here, we identify natural genetic variants that underlie variation in the host innate immune response 
to infection and analyze the mechanisms by which such variants alter these responses. 


Methods: We derived dendritic cells (DCs) from peripheral blood monocytes of healthy individ 
als (295 Caucasians, 122 African Americans, 117 East Asians) and stimulated them with Escherichia 
coli lipopolysaccharide (LPS), influenza virus, or the cytokine interferon-B (IFN-) to generate 1598 
transcriptional profiles. We genotyped each of these individuals at sites of common genetic variation 
and identified the genetic variants that best explain variation in gene expression and gene induction 
between individuals, We then tested mechanistic predictions from these associations using synthetic 
promoter constructs and genome engineering. 


Results: We identified 264 loci containing genetic variants associated with variation in absolute gene 
expression in human DCs, of which 121 loci were associated with variation in the induction of gene 
expression by one or more stimuli. Fine-mapping identified candidate causal single-nucleotide poly- 
morphisms (SNPs) associated with expression variance, and deeper functional experiments localized 
three of these SNPs to the binding sites of stimulus-activated transcription factors. We also identified a 
cis variant in the transcription factor, RF7, associated in trans with the induction of a module of antivi- 
ral genes in response to influenza infection. Of the identified genetic variants, 35 were also associated 
with autoimmune or infectious disease loci found by genome-wide association studies. 


Discussion: The genetic 
variants we uncover and 
the molecular basi for their 
action provide mechanistic 
explanations and principles 
for how the innate immune 
response to pathogens and 
cytokines varies across indi- 
viduals. Our results also link 
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FIGURES IN THE FULL ARTICLE 


Fig. 1. A strategy to identify gene-by- 
environment interactions in the innate 
immune responses of primary human 
Dts. 


Fig. 2. Genome-wide expression profiles 
in MoDCs reveal response phenotypes. 


Fig 3. Association analysis reveals cis-eQTLs 
and cis-reQTLs. 

Fig. 4. Functional fine-mapping and 
mechanism of cis-reQTLs. 


Fig. 5. Trans-reQTL association at the IRF7 
cis-regulatory locus. 


Fig. 6. Autoimmune and infectious disease— 
associated SNPs are cis-eQTLs and cis-reQTLs. 
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Identifying the genetic basis of variability in the 
host response to pathogens. A cohort of 534 indi- 
viduals donated blood for (a) genotyping of common 
DNA variants and (b) isolation of immune OCs. DCs 
were stimulated with viral and bacterial components, 
and the variability in individuals’ gene expression 
Fesponses was mapped to specific ONA variants 
which were then shown to atfect binding of particular 
‘vanscription factors, 
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Common Genetic Variants Modulate 
Pathogen-Sensing Responses 
in Human Dendritic Cells 
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Little is known about how human genetic variation affects the responses to environmental stimuli 
in the context of complex diseases. Experimental and computational approaches were applied to 


determine the effects of genetic variation on the induction of pathogen-responsive genes 


human 


dendritic cells. We identified 121 common genetic variants associated in cis with variation in 
expression responses to Escherichia coli tipopolysaccharide, influenza, or interferon-f (IFN-f). We 
localized and validated causal variants to binding sites of pathogen-activated STAT (signal 
transducer and activator of transcription) and IRF (IFN-regulatory factor) transcription factors. We 
also identified a common variant in IRF7 that is associated in trans with type | IFN induction in 
response to influenza infection. Our results reveal common alleles that explain interindividual 
variation in pathogen sensing and provide functional annotation for genetic variants that alter 


susceptibility to inflammatory diseases. 


‘on both genetic predisposition and expo- 

sure to environmental factors, with inter 
actions between the two (G % E interactions) 
likely contributing substantially to disease risk 
(Z, 2). However, the extent and mechanisms by 
‘which common human genetic variants interact 
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‘with the environment remain poorly explored 
and have boen difficult to detect in clinical studies 
(Z, 3). Genetic analysis of molecular traits, such 
as gene expression profiles, offers a promising 
‘way to dissect the molecular mechanisms under- 
lying G * E interactions. Expression quantita- 
tive trait locus (eQTL) studies have been used 
to map genetic variants contributing to variation 
in gene expression, but have largely focused on 
sicady-state expression in humans (4, 5) and 
thus have exchuded G * E interactions. In model 
‘organisms, differences in growth conditions or 
treatment with various stimuli have revealed the 
existence of response eQTLs (reQTLs) (6-9), 
defined as QTLs associated with the change in 
expression afer stimulation. Here, we sought 
to identify reQTLs in humans, to explain the 
mechanism by which the environment inter- 
acts with these variants, and to determine whether 
these variants are associated with immune-mediated 
diseases 

We used dendritic cells (DCs) of the innate 
immune system as a model system for reQTL 
studies, with physiological and clinical relevance. 
DCs play a direct role in the host recognition of 
pathogens using specialized sensors that engage 
‘well-characterized signaling and transcriptional 
networks. For example, bacterial lipopotysac- 
charide (LPS) activates two distinct arms of the 
Tolllike receptor 4 (TLR4) pathway, whereas 
influenza infection primarily activates the RNA~ 
sensing TLRs (for example, TLR3) and the RIG-I- 
like receptors (for example, RIG-1) (10). These, 
in tum, lead to the translocation of transcription 
factors (TFs) fom the cytoplasm into the nu- 


clous to induce the expression of immune genes, 
including intrferon-B (IFN-B) secretion that en- 
‘gages the type I TEN response pathway to induce 
the expression of hundreds of antiviral effectors 
Genetic studies have associated common var- 
iants near many genes in these pathways with 
risk of different inflammatory diseases (11, 12). 
DCs also play & critical role in the pathologic 
immune responses underlying inflammatory dis- 
cases (//-13), also reflected in recent genome 
‘wide asoiaton studies (GWAS) of several diseases 
(1417, especially inflammatory bowel disease (4). 


Results 


Assessing the Impact of Genetic Variation on 
Pathogen Sensing in Primary Human DCs 

We developed an integrated experimental and 
computational pipeline (Fig. 1A) to identify 
‘variability in human DC responses and associate 
this variability with common genetic variants 
First, we optimized a high-throughput protocol 
to isolate primary CD14'CD16® monocytes from 
human blood samples (fig. S1, A to F),differen- 
tiate them into monocyte-derived DCs (MoDCs), 
‘and stimulate them with three immunostimula- 
tory agents (Fig. 1B): Escherichia coli LPS, in- 
fluenza vias, or IFN-B (a cytokine induced by LPS 
‘and influenza). Second, we collected genome- 
‘wide transcript profiles from resting and stimulated 
DCs from 30 healthy individuals and computs- 
tionally identified a “signature” of 415 genes that 
‘would be informative of variation in the response 
in a larger cohort. Third, we generated 1598 
transcriptional profiles [using an amplification- 
five platform suitable for small cell numbers 
(Z8)] from DCs isolated from $34 healthy indi- 
Viduals (295 Caucasians, 122 African Americans, 
and 117 East Asians) (table $1) in four states: 
resting, LPS-stimulated, influenza-infécted, and 
IFN-f-stimulated. Finally, we associated expres- 
sion variation with genetic variation to identify 
cis- and trans-cQTLs and reQTLs, and we in- 
vestigated candidate reQTLs for their mechanism 
of action, 


Variabitity of Pathogen-Sensing Responses 
Between Individuals 
To assess the interindividual variability of DC 
responses, we fit profiled genome-wide expres 
sion using microarays in resting, LPS-stimulated, 
‘and influenza-infected MoDCs isolated from each 
‘of 30 healthy individuals (18 Caucasians, 6 Asians, 
and 6 African Americans). We found 1413 genes 
that were regulated in LPS- or influenza-treated 
cells [log,(fold change) >0.75 or <I; false 
discovery rate (FDR) < 0.01; fig, S2A and table 
S2A; see table $2, B to I, for enriched biological 
processes] at $ and 10 hours, respectively (time 
points selected to have maximal expression of 
induced clusters) (fig. SI, B and C). 

We quantified reproducibility in these re- 
sponses by recalling 12 of the 30 donors 2 to 
9 months after the first collection for MoDC 
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isolations and profiling (Iable S1); we identified 
‘genes whose expression interindividual variance 
is significantly higher than their intraindividual 
variance based on the serial replicates [taking 
into account known covariates including gender, 
age, and population and unknown factors using 
surrogate variable analysis (/9)]. Two hundred 
twenty-two of the 1413 regulated genes (16%) 
showed significantly higher (FDR < 0.1) inter- 
than intraindividual variability, ether in their ab- 
solute expression or in the differential expression 
(timulated baseline level) to atleast one stimulus 
(Fig. 2A and table $3). These results suggest that 
there is consistent variation in these traits that 
may have a genetic basis, 


Expression Profiling of a Pathogen 
Response Signature 

Mapping the genetic basis of interindividual 
variation in pathogen responses requires profil 
ing of DC gene expression in a larger cohort; 
this poses a substantial technical challenge given 
the limited numbers of primary cells and multi 
pile stimuli. Furthermore, the responses of DCs 
to virus, bacterial ligands, and IFN are limited in 
scope and do not encompass the entire genome. 
We therefore defined a 415-gene signature set 
(Fig. 2B and table S3) that could be monitored 
in small numbers of cells using a sensitive mul- 
tiplex RNA detection system (/), allowing us 
to scale up our study. The signature consisted 
of (i) all 222 of 1413 regulated genes with 
‘greater inter- than intraindividual variabili 
the microarray study: (i) all 24 regulated genes 
exhibiting greater inter- than intrapopulation 
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vvatiability (FDR < 0.1) (table $3) in the micro- 
array study; (ii) 76 genes comprising the known 
components of the TLR4, TLR3, RIG-I, and 
IFNAR pathways (Fig, 1B) (0, 20-22); (iv) 61 
regulated genes that play key roles in the DC 
response (for example, IFNBI and IFITM3) 
(22-24; (v) 28 regulated genes residing in loci 
previously associated with autoimmune or in- 
fectious diseases (25); and (vi) 35 control genes 
including those that had among the lowest in- 
terindividual variance in the microarray profiles. 
This representative signature allowed us to mon- 
itor genes with high interindividual variability, 
as well as key components and responses of the 
pathogen-sensing pathway. 

We then generated 1598 transcriptional pro- 
files, using the 415-gone signature, from MoDCs 
isolated from 534 healthy individuals (and 37 
serially collected replicates) in upto four cnitions: 
resting (528 individuals), LPS-stimulated (356), 
influenza-infected (342), and IFN-f-stimulated 
(284) (Fig, 2C; fig. S1, E and F; and table $1), 
‘The IFN-f stimulus allowed us to partition genes 
that were induced by both LPS and influenza 
(cluster Il) into those induced secondary to type 
TIEN signaling (cluster Hla) or by other mech- 
anisms shared between these bacterial and viral 
sensing pathways (cluster IIb), such as nuclear 
factor xB (NF-xB) or activating protein | (AP-1) 
activation (Figs. 1B and 2C). The signature ex- 
pression profiles clustered similarly to those from. 
the microarray analysis (Fig, 2C and fig. S2C) 
and captured most ofthe variance in the genome- 
‘wide profile [eross-valiation, 0.99 ground-truth 
Pearson correlation coefficient; fig. S2D (26), 


Genome-wide 


0 arrays) 


Gene se 
Selection —>>, 


demonstrating the utility of the signature to cap- 
ture the genome-wide response, 


reQTls That Modulate Cellular Responses 
to Pathogens 

We mapped cis-eQTLs and cis-reQTLs by testing, 
for association between common single-nncleotide 
polymorphisms (SNPS) (minorallele frequency >5% 
‘genotyped with Illumina HumanOmniExpress 
BeadChip) and variation in either absolute tran- 
script abundance (eQTL) or stimulation-induced 
change in transcript abundance (reQTL) in a 
nearby gene (in which the transcriptional start 
site or stop codon is within | Mb of the SNP). 
We pooled individuals from the three human 
populations together and included covariates 
‘and principal components to increase statistical 
‘power while avoiding systematic confounders such 
as population structure and expression heteroge- 
nity. We identified 264 genes with cis-eQTLs in 
at least one condition (permutation FDR < 0.05) 
fig. $3, A to C; and table S4, A to D) 
, 22 of 264 genes also associated 
‘with additional independent cis-eQTLs after con- 
dlitioning on the top five most significant SNPs 
in cach cis-eQTL region (table S6 and fig. S3D) 
(27), which reflects the complexity of the regu- 
latory landscape around each gene. 

We detected 121 cis-reQTLs (Fig, 3B and 
table S4, E to G; permutation FDR < 0.05; 91% 
internal reproducibility in at least two human 
populations, table $5), the subset of genetic 
variants that affect the induction of gene ex- 
pression by LPS, influenza, or IFN-B. OF the 121 
‘genes with cisteQTLs, 7 associations were found 
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Fig. 1. A strategy to identify gene-by-environment interactions in the 
‘innate immune responses of primary human DCs. (A) Strategy used to 
‘identity baseline and response eQTLs and reQTLs, consisting of five steps: (high 
throughput isolation and stimulation of primary human MoDCs from 560 healthy 
individuals (dotted slices, male; solid-coored slices, female) collected as part of 
the PhenoGenetic cohort; (i) whole-genome gene expression measurements in a 
subset ofthe cohort; (ii) selection of signature gene set, consisting of regulators 
{and regulated genes; (i) digital multiplex gene expression measurements of 
signature genes in the entire cohort; and (v) mapping of genetic variation to 
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expression variation. GM-CSF, granulocyte-macrophage colony-stimulating factor; 
1L-4, interleukin-4. (B) Model of innate immune pathways activated by three 
stimuli demonstrating their downstream relationships. LPS from E.coli engages 
the TLR receptor, IFN engages the heterodimeric IFNAR receptor; influenza NPRB 
(ANS1) ("FLU") engages the cytoplasmic TLR3 and RIG-I receptors, Receptor 
engagement activates signal transduction cascades that requlate expression of 
inflammatory genes, IFNs, and IFN-stimulated genes. IFNAR activation also 
‘occurs during LPS and FLU stimulations because LPS and FLU both induce IFN 
production, leading to activation of ISRES. JAK1, Janus kinase 1. 
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only in the influenza condition (for example, 
JFNAI: Fig. 3C and fig. S3B; meta-analysis, P< 
1 10; permutation FDR = 0.02 to 0.03); 15 
in both the LPS and influenza conditions (for 
example, TEC; Fig. 3C and fig. $3B); and $7 in 
all three stimulation conditions (for example, 


and fig. S3B), likely reflecting activation of the 
shared IFN-B pathway. We hypothesized that 
causal variants driving cis-reQTLs alter the se- 
‘quence of genomic elements that respond to TFs 
downstream of the pathogen-sensing receptors 
(Fig. 3F), and represent gene-by-environment 
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To validate cis-teQTLs, we quantified allele- 
specific expression for pan-stimulation-specific 
associations in heterozygote individuals (Fig. 3, 
D and E). This was feasible for a gene with an 
exonic SNP (CLEC4F 152075221) that was the 
most significant reQTL SNP, and for a gene with 


ARLSB, SLENS, and CLEC4F; Fig. 3, C to E, interactions. ‘an exonic SNP (SLENS 1811651240) in linkage 
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Fig. 2. Genome-wide expression profiles in MoDCs reveal response 
phenotypes. (A) Coefficient of variation (CV) of gene expression between. 
30 different donors ("interindividual CV") plotted against CV of expression, 
within 12 serial replicate samples ("Intraindividual CV") for each differ- 
entially regulated (fold change >0.75 or <-1.5) gene after LPS of FLU 
stimulation, Yellow (up-regulated) and purple (down-regulated) circles rep- 
resent genes with significant (moderated ¢ test, FDR < 0.1) inter- versus intra 
individual variation, (Right) logg(expression, microarray data) of CLECAF in 
baseline, LPS-stimulated, and FLU-infected MoDCs from 30 donors and 12 
replicates, demonstrating example of a gene that shows significant (FDR < 
0.01) inter- versus intraindividual variation after LPS and FLU stimulations but 
not at baseline (fig. 528). Standard error of replicate samples (n = 12) is 
shown for each sample, (B) Pie chart of 415 signature genes selected for 
Nanostring code set: 222 (49%) are regulated genes that showed sig- 
nificant (mixed model variance components test, permutation FDR < 0.1) 
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inter- versus intraindividual variability, 61 (14%) are curated, regulated 
genes with a known function in the innate immune response; 76 (17%) 
are curated regulators in the TLR4, TLR3, RIG: and IFNAR pathways; 42 
(9%) are control genes including low-variance genes, sex-specific genes, and 
nonexpressed genes; 28 (6%) are regulated genes that were reported in 
the regions of autoimmune and infectious disease GWAS; and 21 (5%) 
are regulated genes that showed significant inter- versus intrapopulation 
variability. (C) Gene expression heat map of the 415-gene signature in 
MoDCs from the microarray study (30 individuals) and the Nanostring study 
(534 individuals). Each row represents a gene; each column represents a 
donor sample at baseine, stimulated with LPS, infected with FLU, or stimulated 
with IFN. Rows were clustered by k-means clustering of Nanostring data set 
with major clusters (1, I, lla, llb, and IV) labeled. Between the two heat 
‘maps, each row was labeled with colored dashes corresponding to one of the 
si categories described in (B). 
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Fig. 3. Association analysis reveals cis-eQTLs and cis-reQTLs. (A and B) 
‘Manhattan plot of ciseQTLs (A) (baseline expression) and cis-reQTLs () (LPS:, 
FLU, and IFN-stimuated fold changes relative to basen) showing —Logaol? values) 
(left y axis) and R? values (right y axis) for al cis SNPs, displayed on the x axis, 
with associated genes ordered by chromosomal location. (C) Box-whisker plots 
showing expression [left; loga(nCounts), y axis} or fold change [right; log, 
(ld, y axis] of DCBLDI, IFNAZ2, TEC, and ARLSB in resting, LPS-stimulated, 
FlU-infected, and IFN-(-stimulated MoDCs as a function of genotype of the 
respective cs SNPS (x axis: 527434, 1510964871, 510938526, and rs11015435).. 
‘rican Americans, Asians, and Europeans in this order are displayed as separate 
box-whisker plots adjacent to each other in each condition. -Logso(? values) and. 
B statistics are displayed in top right corners. (D and E) Allelic imbalance analysis, 
‘of SLENS (D) and CLECAF (Ein resting, LPS-stimulated, FLU-infected, and IFN-f— 
stimulated MoDCS, showing the ratio of gene expression between the major and 
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minor alleles in heterozygote (rs11651240 for SLFNS, 152075221 for CLECAF) 
CONA samples fn = 8 in (0); n= 9 in (8] normalized to the ratio in the 
corresponding genomic DNA samples; significant deviation from 1.0 (dashed 
line) is consistent with allelic imbalance. Data are from one experiment 
representative of three (mean and SD shown). *P< 0.01, **P < 0.001, compared 
to unstimulated cells (Student's ¢ test). On the right panels, box-whisker plots 
showing expression [left loga(nCounts,y axis] or fold change [right; log, (old), y 
axis) of SLFNS (0) and CLEC4F 2) in resting, LPS-stimulated, FLU-infected, and 
|FN-f-stimulated MoDCs as a function of genotype of the respective cis- 
SNPS: 1511867191 and 152075221. (F) Schematic showing the different 
combinations of stimuli leading to significant cis-reQTLs, with the most 
significant examples listed. Specificity to conditions was defined with M 
value >0.9 taken as the inclusion criteria and MI value <0.1 taken as the 
exclusion criteria for each condition, 
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isoquirium withthe mos significant QTL SNP 
(11867191, # = 0.501 CEPH, CEU), As pre 
dicted, ranscripts derive from the major nd mince 
alleles difeed in expression afer stimulation with 
LPS (SLENS: P<0001, tess CLECHF: P= 001), 
infuonza (SLENS: P<0001; CLECHF: P< 0.01 
or FN (SLENS: P <0.001; CLECAF: P<0.001) 
but not at baseline (Fig 3, D and E) 


Gis-reQTLs That Alter the Sequence 
of TF Binding Sites 

We hypothesized that the causal variants under- 
lying ciseQTLs fimctionally alter the chromo- 
somal binding sites of TFs activated by one or 
‘more stimuli. To fine map reQTLs, we performed a 
trans-ctmic meta-analysis (28) of imputed variants 
in each population (~10 M). We then examined 
‘whether the most highly associated meta-reQTLs 
overlap with TF binding sites identified in high- 
throughput human chromatin. immunoprecipi- 
tation with massively parallel DNA sequencing, 
(ChIP-seq) data sets (for example, ENCODE) or 


computationally predicted conserved regulatory 
clements (29-37). We found substantial enrich- 
ment (table $7) of known binding sites for TFs, 
fom the signal transducer and activator of tran- 
scription (STAT) family (TF that are activated 
downstream of type I IFN signaling). The most 
significant corichment over background was found 
for STAT? (116-fol, binomial P'<2.55 * 10) 
and STATI (126-ol, binomial P< 2.98 = 10") 
binding sites (derived ffom ChIP-seq in IFN-a— 
stimulated K562 cells) within cis-eQTLs after 
IFN-}-stimulation 

Among the 57 gones (for example, SLENS, 
CLEC4F, and ARLSB; Fig. 3F) with cis-reQTLs 
in all three stimuli, we observed that the most, 
significant cis-reQTL in the (i) SLENS locus 
(611080327) fies in an ENCODE ChIP-seq signal 
(29) for STATI (Fig, 4, A to C; (i) CLECAF locus 
(335856355) alters a commonly occurring cy- 
tosine in a canonical IFN-stimulated response 
clement (ISRE) that is a target of IFN-actvated 
TFs (Fig. 4, B and C) (22, 30-32); and (ii) 
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ARLSB locus (152130531) changes a guanine in 
the canonical ISRE motif (Fig. 4, B and C). 
‘Additional cis-eQTLs that alter putative STAT 
binding sites based on ChIP-seq data or pre~ 
dicted ISRE motifs include 1s10086852 (PTA2B), 
151981760 (NOD2), 1573023464 (CI9ORF12), 
151331717 (IF44), and 12064196 (IFLA) (Fig. 
4A). Because STAT TFs are activated down- 
stream of the type I IFN receptor (IFNAR) and 
bind to ISRE motifs (Fig. 44) (22), we hypoth- 
sized that the SNPs in these sites are likely 
causal SNPs within their respective cis-reQTL, 


Gis-reQTLs That Affect Differential Binding 
of Stimulus-Activated TFs 

‘To experimentally validate our predicted regulatory 
mechanisms, we determined whether IFN-f- 
activated TFs bind differentially at these SNPs 
Using radiolabeled 24- to 26-bp (base pair) double- 
stranded DNA (dsDNA) probes in electropho- 
retic mobility shift assays (EMSAs), we found 
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Fig. 4. Functional fine-mapping and mechanism of cis-reQTts. (A) 
Pathway diagram of signal transduction cascade downstream of IFNAR ac 
tivation, Activation of receptor leads to downstream activation of JAK-STAT 
cascade, leading to posttranslational activation of STAT and IRF TFs. (B) 
LocusZoom plots showing the —logo(P values) of imputed cs-eQTLs (y axis) in 
the chromosomal regions (x axis) of SLFNS, CLECAF, and ARLSB. The most 
significant imputed SNPs in each locus are labeled. (C) Schematic representation 
of alleles in the regions near the SLFWS, CLECAF, and ARLSB genes that are in 
STAT2 ChiP-seq binding sites or that perturb ISRE motifs (SNPS are shown as 
vertical bars and in red letters). (D) EMSAs with 24- to 26-bp radiolabeled 
4sDNA probes—containing a known ISRE motif control, a mutated ISRE motif 
‘control, the CLEC4F 1535856355 major (Q or minor allele (A) sequences, or the 
‘ARLSB 152130531 major (G) or minor allele (A) sequences—incubated with 
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‘nuclear lysates from IFN-fstimulated MoDCs. On the right, supershift assays with 
‘or without antibodies against IRF, IRF9, and STATZ (designated c-IRF-1, and so 
on) with the CLECAF 1535856355 major (©) probe are shown. (E) Luciferase 
expression from reporter constructs transfected into HEK293 cells that were left 
‘unstimulated or were stimulated with IFN (1000 Umi for 21 hours, Sequences 
(150 to 200 bp) from the major and minor haplotypes ofthe SLENS, CLECAF, and 
ARLSB regions were subcloned 5' of @ minimal promoter and firefly luciferase 
gene. Firefly luciferase expression was normalized to Renila luciferase expression 
expressed from cotransfected plasmid. (F) Fld change loga(IFN- stimvunstim) of 
signature genes in wild-type (vt) HEK293 cells 511080327", plotted against 
fold change in CRISPR-converted (:11080327°") HEK293 cells. Data are from 
‘one experiment representative of three [mean and SD shown in ()). *P < 0.05, 
“*P < 0.01, compared to unstimulated cals (Student's tes) 
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that probes encompassing the major alleles 
(1535856355° and 152130531", which are asso- 
ciated with increased expression in CLECAF and 
ARLSB), but not the minor alleles, shifted after 
incubation with IFN-B-stimulated MoDC nuclear 
lysates (Fig. 4D). Consistently, nonradiolabeled 
‘major, but not minor, allele probes competed for 
binding to the IFN-B-stimulated nuclear fac- 
tors (fig. S4A). By incubating with antibodies 
to TFs known to bind the ISRE element, we found 
that IRF (IFN-regulatory factor 1) supershifted 
the low-molecular weight band and STAT2 and 
IRF9 supershified the higher-molecular weight 
‘band, consistent with the known complex of these 
latter two proteins (32) (Fig, 4D). These results 
suggested that the SNPs in CLEC4F and ARLSB 
alter the binding of IFN-activated IRF1, STAT2, 
and IRF9 TFs 

To directly test the fictional effects of the 
SNPs, we cloned 150- to 200-bp genomic regions 
surrounding rs11080327 (SLFNS), 1935856355 
(CLECAF), and 152130831 (ARLSB) upstream of 


a luciferase reporter driven by a minimal pro- 
moter (Fig. 4E). For each region, we created two 
‘constructs that differ only atthe respective SNPs. 
Because almost all cell types respond to IFN-B 
stimulation, we transfected the reporter constructs 
into human embryonic kidney 293 (HEK293) 
cells and stimulated the cells with IFN-B, Con- 
sistent with our hypothesis, the constructs con- 
taining the major alleles of rs11080327 (SLFNS), 
1535856355 (CLECSF), and 152130531 (ARLSB) 
induced 11.6-, 2.1-, and 1,5-fold, respectively, 
‘more luciferase production than the cognate con- 
structs containing the minor alleles (¢ test, P < 
0,001, P< 0,001, and P <0,01, respectively) (Fig. 
4E), Furthermore, mutation of motif-conserving 
nucleotides across the CLEC4F ISRE motif re- 
duced induction by IFN-B, whereas mutation of 
nonconserved nucleotides did not (fig. S4B), 
consistent with the ISRE consensus motif. 
Finally, to further test (33) the functional- 
ity of rs11080327—the SLENS variant with the 
‘strongest fictional effect—in its native chromo- 


sev, we dicey died the yeioite ung the 
CRISPR system (34, 35), converting the heer 
zygous 1511080327" in HEK293 cells to a 
homey 1080327" (Fig AF and fi, S4C). 
We then stimulated both native and CRISPR- 
converted cells with IFN-f. The fold induction 
Of SLENS decreased fom 3.64 in heterozygous 
cells to 1.03 in the converted 1511080327 (G) 
homczygetes, whereas the induction of other 
genes was unaffected (Fig. AF and fig, SAC, ioe 
dependent CRISPR construct), 

"The eoricment, EMSA, repoxter anes, and 
dtivted rinngeness resus sgt tat wo ave 
dette camel variate in sous of thve ci 
TROT regions and detnonstae that he reQTLs 
corr becae of diftrenta binding of simaiae 
sted TF 


A Trans-eQTL That Also Associates 
with IRF7 as a Cis-eQTL 

We next attempted to detect cases where varia- 
tion in gene expression is explained by distant 
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Fig. 5. Trans-reQTL association at the IRF7 cis-regulatory locus. (A) 
Diagram showing selected components of TLR4, TLR3, RIG-I, and IFNAR 
pathways. Components with significant cis-eQTLs (permutation FOR < 0.05) 
are shown in black (or red if they also have a trans-eOTL); components that do 
not have significant cis-eQTLs are gray. (B) Manhattan plot showing the trans- 
association of 1512805435 to all 415 genes on signature gene set in baseline, 
LPS-stimulated, FLU-infected, and IFN-f-stimulated conditions. Trans-reQTL 
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to NAM and cluster of JFN-c genes UFNA4, IFNAZO, IFNAZ3, IFNAI7, and 
IFNAZ1) are labeled. (C) Expression lloga(nCounts)] of 415 signature genes in 
FLU-infected MoDCs overexpressing IRF7, plotted against expression in FLU- 
infected MODCs overexpressing eGFP contro. (D) Expression [log.(nCounts)] 
of 415 signature genes in HEK293 cells overexpressing IRF7, plotted against 
expression in HEK293 cells overexpressing eGFP control. Right, expression of 
genes in cells with eGFP overexpression versus cells without cDNA. 
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‘genetic variants acting in trans, We noted that cis- 
QTLs for regulator genes tend to have smaller 
cffect sizes and less significant P values than 
those for regulated genes (fig. S3E), To decrease 
the multiple testing burden of detecting trans- 
associations, we restricted testing SNPs local 
to genes on our gene signature set. A number of 
these are cis-eQTLs associated with the expres- 
sion of genes encoding regulators (for example, 
‘TFs) in pathways that we stimulated (Fig. SA), 
OF these, 1512805435 was the most significant, 
associating with the expression of the master 
antiviral TF JRF7 in cis only after influenza, LPS, 
‘or IFN-B stimulation (table $4, A to D). This SNP 
associated with both the expression and induc- 
tion of seven additional genes in trans (that is, 
the transcriptional start site or stop codon is, 
located >1 Mb from the SNP) only after infiu- 
‘ena infection: NMI, IFNA4, IFNA10, IFNAL3, 
IFNA2I, IFNAI7, and IFNAS (P< 6.26 * 10° 
in expression, P< 1,68 * 10 * in differential 
expression) (Fig, 5B and tables S8 to 10) 

To test whether the trans-associated genes 
are indeed targets of IRF7, we infected MoDCs 


that overexpressed IRF7 or a control gene with 
influenza virus, and found that [RF7 overexpres- 
sion induced the expression of JF? 
and JFNNAI4 in influenza-infected cells (Fig. 5C). 
In addition, in HEK293 cells, which normally ex- 
press very low levels of /RF7, we overexpressed 
IRF7 and observed induction of NMI, IFNA4, 
JENAIO, IFNAI3, IFNA1, and IFNA21 (Fig. 
‘SD), suggesting that IRF7 is sufficient to drive 
downstream expression, We have thus identified 
a stimulus-specific ciseQTL associated with IRF7 
‘expression, which is also a trans-reQTL that un- 
derlies the variability of IFN induction in re- 
sponse to influenza infection in humans. 


DC reQTLs That Overlap with Autoimmune 
‘and Infectious Disease SNPs from GWAS 

We examined the subset of loci associated in 
GWAS with inflammatory disorders. We first 
‘extended an analysis of Crohn's disease in which 
loci are enriched for genes specifically expressed 
in DCs (12, 14) to multiple sclerosis, celiac dis- 
‘ease, psoriasis, and leprosy (fig. SSA). We found 
that genes nearest to the susceptibility loct for 
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these diseases were enriched not only in DC- 
specific genes but also in genes induced by LPS 
and/or influenza (fig. SSB), which suggests that 
‘some of the GWAS loci modulate the expression 
of the corresponding genes in activated DCs. 
Supporting this hypothesis, 15 cis-eQTLs and 
2B cis-eQTLs that were not significant at base- 
line but only became significant after stimula- 
tion are the same SNPs previously identified in 
GWAS of autoimmune and infectious diseases, 
including Crohn's disease, multiple sclerosis, 
celine disease, psoriasis, and leprosy (25) (Fig. 6, 
‘A and B, and table S11). These include VOD? 
‘with leprosy (139302752), JRF7 with systemic 
lupus erythematosus (SLE) (184963128), RAF 
‘with theumatoidl arthritis (8881375), and CREM 
‘with Crohn’s disease (rs12242110) and ulcerative 
colitis (4246905). For example, 159302752—a 
SNP previously associated with susceptibility to 
leprosy (17)—was associated in our study with the 
absolute and fold expression of NOD2 under IFN-B 
stimulation (P= 3.49 = 10 75) but not at baseline 
(Fig. 6A and table S11}; NOD2 plays a known 
role in pathogen sensing and possibly mycobacterial 
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Fig. 6. Autoimmune and infectious disease—associated SNPs are cis- 
eQTls and cis-reQTLs. (A) Expression [loga(nCounts)] of NOD2 in resting 
and IFN-f-stimulated MoDCs from 184 Caucasians as a function of genotype 
of the leprosy GWAS SNP, 139302752 (lef). (Right) expression (log-(nCounts)] 
of IRF7 in resting and IFN-p-stimulated MoDCs from 184 Caucasians as a 
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PS =Psariasis 


SLE= Systemic lupus erythematosus 
55 = Systemic sclerosis 


AS = Ankylosing spondylitis 
Icerative colitis 


uc 


TID =Type | diabetes 
LeP = Leprosy 

MS = Multiple sclerosis 
RA = Rheumatoid arthritis 
CeD = Celiac's disease 


function of genotype of the SLE GWAS SNP, 154963128. (B) Plot showing 
coverlap of genome-wide significant (P< 5 x 10") GWAS SNPs with cis-eQTls 
and reQTls in MoDCs, with clinical phenotypes connected to corresponding 
gene expression phenotypes by lines. Orange circles represent cis-reQTLs 
P < 107); yellow circles represent stimulus-specfic ci-eQTls (P < 10”. 
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immunity (36), Similty,54963128—n variant a- 
sociated with SLE (37)—was associated in our 
study with the expression of JRF? after IFN-B 
stimulation (P= 1.10 * 10°'°) but not at base- 
line (Fig. 6A), in line with the importance of 
type I IEN responses in SLE pathogenesis (38) 
We note that 54963128 is on the same haplo- 
type (R= 0.69, D’ = 0.94) as the IRF? SNP 
‘s12805435 that & associated with the tanereQTL 
effect described above. These results suggest a 
role for innate immune pathogen-sensing pah- 
-ways in the pathogenesis of these inflammatory 
disorders 


Discussion 


Although genetic association studies have iden- 
tified alleles that confer discase risk, itl is known, 
about how these genetic variants contribute to 
disease through their effects on specific biolog- 
ical processes and their interaction with envi- 
ronmental stimuli, We addressed this question 
‘by quantifying the DC response to pathogens 
in a set of genotyped individuals, and then lever- 
aged our understanding of these pathways to ex- 
plain the mechanisms underlying the observed 
‘genotype-environment-phenotype interactions. 

Many of the QTL associations we identified 
are only detectable in the presence of specific 
stimuli, which underscores the need to activate 
cells to capture additional genotype-phenotype 
relations (39-47). Furthermore, few eQTL studies 
have definitively identified the causal variants 
‘underlying the associations. By measuring var- 
iability in hundreds of individuals, applying 
stimuli that partially overlap in their downstream 
pathways, and leveraging genomic data sets such 
as the 1000 Genomes Project and ENCODE 
(29, 42), we (i) pinpointed causal variants in 
reQTL regions and (ii) identified the stimulus 
activated TFs that bind differentially at these 
SNPS, which explain some of the G » E inter- 
actions. Our data set can thus be used to ex- 
plore mechanisms of G * E interactions (43) and 
are consistent with deoxyribonnclease I sensitiv- 
ity QTL (44) and ChiP-seq QTL (45) studies that 
showed that differential TF binding between 
individuals is pervasive in resting cells. 

The reQTLs we identified provide genetic 
explanations for interindividual variation in in- 
nate immune responses. This is best exemplified 
by the trans-reQTL in the JRF7 locus that reg- 
‘lates the type TIEN antiviral response. Our study 
reveals the effects of this trans-reQTL on target 
‘genes (antiviral IFN module) in the context of 
4 particular cell type (DCs) and in response to 
specific ligands (influenza), The changes in this 
immune response are, in tum, likely to affect or 
‘ganismal phenotypes that are driven by the IFN 
module, inctnding susceptibitity to viral infec- 
tions and autoimmune diseases like SLE. 

Overall, our high-throughput experimental 
pipeline and integrative analysis of primary hu- 
rman DCs reveals abundant gene-by-environment 
interactions, points to the effects of disease 
variants on pathogen detection, and motivates 
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extending our approach to a wide variety of 
immune cell types and stimulatory conditions 
to better explain the impact of human genetic 
variation on the immune response. 
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Quantifying Molecular Stiffness 
and Interaction with Lateral 


Force Microscopy 


Alfred John Weymouth,* Thomas Hofmann, Franz J. Giessibl 


The spatial resolution of atomic force microscopy (AFM) can be drastically increased by terminating the 
tip with a single carbon monoxide (CO) molecule. However, the CO molecule is not stf, and lateral 
forces, such as those around the sides of molecules, distort images. Ths isue begs a larger question 
‘of how AFM can probe structures that are laterally weak. Lateral force microscopy (LEM) can probe 
lateral sifinesses that are not accessible to normal-force AFM, resulting in higher spatial resolution. 
With LFM, we determined the torsional spring constant of a CO-terminated tip molecule to be 0.24 newtons 
per meter. This value is less than that of a surface molecule and an example of a system whose 
stiffness is a product not only of bonding partners but also local environment. 


ie atomic resolution was demonstrated for 
T= fe miccopy (AFM) oan 

15 years ago, but only recently has it been 
possible to atomically engineer the tip apex (I-4), 
4 technique pioneered in the scanning tunneling 
micrascopy community (5, 6). Tip termination with 
a carbon monoxide (CO) molecule has made studies 
of inter- and intramolecular bonding possible (7-12), 
‘The COterminaicd tip itself, however, has proven 
to be dificult to characterize, despite experimental 
and theoretical approaches (/2, 13), in part be- 
‘cause itis challenging to characterize lateral forces 
nd sitfnesses with AFM. With any study of short- 
range interactions, AFM requires that the long 
range background interaction of the macroscopic 
tip and surface be subtracted (/4), Although a fall 
three-<dimensional (3D) dataset ean reconstruct the 
potential energy, lateral forces and stffnesses are 
only accessible by taking a numerical derivative of 
experimentally determined energies (15), which 
results in substantial noise in the data, 

In lateral force microscopy (LFM), the tip is 
oscillated parallel to the surface (16, 17), and the 
recorded frequency shift (A/) is a direct measure 
‘of the lateral stfness (18). The subtraction of long 
range contributions —which is nacessary in normal- 
force AFM (in which the tip oscillates normal to 
the surface) in order to identify the short-range 
force components—is obsolete in LFM, rendering 
LEM particularly appealing for measurements in 
‘which the short-range interaction is the signal of 
interest (79). We have used both normal-force AFM 
‘and LFM to chanicterize a CO-terninated tip and 
‘quantify parameters of a model incorporating tor- 
sonal springs to account for the response of the 
CO molecules to lateral forces. 

When the CO tip was first used to image 
ppentacene it was remarked thatthe image soomed 
to be distorted because of CO relaxation (7). Fur 
ther experiments showed that the relaxation of 
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the CO molecule on the tip was an important part 
of the tip-surface interaction (13), This relaxa- 
tion is usually characterized as a torsional spring, 

with the CO bending around the metal atom to 
which it is bound (12), 

‘Weused a CO-terminated tip to probe a single CO 
‘molecule on Cu(111), CO on Cu(111) hasbeen well- 
studied, and the system offers a high degree of | 
symmetry, The asymmetry ina normal-force AFM 
image of a CO with a CO terminated tip (Fig. 1A) is 
the result of the slight asymmetry of the tip with re- 
spect othe surface, amplified by the bending ofboth 
lip and surface CO molecules. Images collected at 
further distances [such as those shown in fig. SL 
(20)} do not show this degree of asymmetry. 

‘We acquired a 3D data set by collecting 
constant-height, normal-force AFM images at 
various distances from the surface (2/). To iso- 
late the short-range interaction, we subtracted 


the raw Af data from the Af signal above the 
‘bare copper surface (14). The data were then 
deconvoluted and integrated twice along the = 
direction (where = denotes the distance to the sur- 
face) to yield the potential energy (2/23). The 
potential energy map of the short-range interac- 
tion at closest approach is shown in Fig. 1B. 

‘A plot ofthe energy as a function of tip height, 
above the surface CO molecule is given in Fig, 
IC. Also included in Fig, 1C is fit of the energy 
distance curve to a Morse potential (24) 


fu =a 


‘The distance r describes the core-core distance 
‘between the two oxygen atoms. We comment on 
the equilibrium distance, 6, later. The bond energy, 
Eq = 84 meV, was determined by the energy 
‘minimum, and the decay length, 2 = 47 pm, was 
determined with a least-squares fit fom the data 
further out from the equilibrium distance. For these 
longer distances, the interaction is attractive, and 
the molecules do not bend, At closer distances, 
‘we expect the repulsive interaction to lead to the 
CO molecules bending away from each other, 

‘We then used a lateral force sensor (17)—also 
‘with @ CO-terminated tip—to probe a surface CO 
molecule, The mathematical description of the 
frequency shift and its relation to force remains 
the same: Interaction with the surface changes 
the frequency of oscillation proportional to the 
force gradient, &,, along the direction of oscil- 
lation. The effect of the cantilever oscillation is 
that we measured a weighted average, <k,>, over 
the cantilever’s oscillation (25). The frequency 
shift was directly proportional to <ky>, via the 
spring constant of the cantilever, k, and its res- 
fonance frequency fy: AY = <> f/(2K) 
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Fig. 1. Normal-force AFM data with a CO-terminated tip. (A) Normal AFM data of a CO molecule with a 
O-erminated tip. (B) Deconvoluted energy image. (C Energy asa function of vertical tip postion when the tip 
is directly above the CO molecule, Red dos are data, and the blue curve is aft of a Morse potential tothe data 
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‘The raw image of the CO molecuile with LFM 
(Fig. 2A) revealed a circular shape with a highly 
localized depression in the middle. The high spa 
tial resolution in this LFM image could not be 
reconstructed from data acquired with a normal- 
force AFM: Similar to the method used in (15), 
‘we can evaluate lateral stiffnesses via the poten 
til energy from the normal-force AFM data (Fig 
2A, inset), but after the two numerical derivatives, 
the sharp localized depression is not reproduced, 
Although one solution to the noise caused by the 
derivatives would be to use a low-pass filter, this 
step would only decrease the spatial resolution, 
‘Thus, it was not feasible to reconstruct this sharp 
feature by using only normal-force AFM data. 

‘We next acquired constant-height LFM slices 
above the CO molecule. A line scan through the 
image is shown in Fig. 2C at closest approach over 
the CO molecule in the direction of the tip oscil 
Intion, Because this line was inthe same direction 
as the tip oscillation, it could be deconvoluted 
‘and integrated so as to yield lateral force in that 
direction. We repeated this process for several tip- 
sample distances. The lateral force over the CO 
molecule is depicted in the colored graph in Fig 
2D asa fimction of both lateral and vertical posi- 
tion. As we expect fiom the nommal-force AFM 
data, the lateral force shows attractive interaction 
as the CO molecules approach each other, then 
repulsive interaction closer than the equilibrium 
distance, Assuming that the CO bends to reins, 
‘we would expect CO bending for all positions ex- 
cept when the teal forees are equal to zero, 

We calculated the lateral and vertical postion 
‘where the lateral forces are equal to zero, These 
zero crossings wer fit toa circle, as shown in Fig, 
‘2D, This result implies that there was a very weak 
‘angular dependence for the CO-CO interaction, 


“which is another advantage of a CO-temninated tp. 
‘The zero crossings of the force are the locations 
fof the energy minimum, and thus, the radius of the 
circle, 385 pr, isthe equltrium distance between 
the exygen atoms, o. Absolute height detemnina- 
tion is also a challenge in scanning-probe tech- 
niques. With the assumption that the interaction 
is not directionally dependent, ¢ can be used to 
‘detrmine the absolute height of our tip above the 
surface CO molecule, as given in Fig. 2D. 

We next attempted to determine the relax- 
ation of the CO molecule experimentally. In 
order to make this problem tractable, we sepa- 
rated the total interaction into three compo- 
nents: (i) the interatomic interaction between 
the two oxygen atoms, (i) the CO relaxation 
of the tip molecule, and (i) the CO relaxation 
of the surface molecule. We propase the fol 
lowing model: (i) The interatomic interaction, 
cean be described by a Morse potential, which 
wwe have fully characterized with Ep, 4, and o. 
(Gi) The surface CO molecule responds as a tor- 
sional spring, with a torsional spring constant 
of ks = 150 zepto-Newton meter (zNm) and a 
moment am of fee = 302 pm (26). (ii) The tip, 
CO molecule relaxes asa torsional spring with 
an unknown spring constant xr but with the 
same moment arm Jeg. The moment arm was 
determined by a theoretical study that deter- 
mined the core-core distance of the copper sur- 
face atom to the carbon and oxygen atoms (26). 
Helium scattering measurements have previously 
determined the energy of the frustrated transla- 
tional mode to be 4 meV (27). With the moment 
arm, these values can then be used to determine 
xs as deseribed in (3). 

‘A schematic ofthe distances in the model is 
shown in Fig. 3A. At every position ofthe final 
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Fig. 2. LFM with a CO-terminated tip. (A) Raw data from a LFM sensor. 
Tip oscillation is in the same direction as the solid blue line, (Inset) Lateral 
stiffness as evaluated from normal AFM data. Scale bar, S00 pm. (B) Model 
output with the same scale as (A). (C) Aline scan through the center of the 
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tip atom that does not relax (x, =), the total en- 
‘ergy of the system can be calculated as a fune- 
tion of the bending angle of the tip CO molecule 
Gr and of the surlice CO molecule ®s 


Sg il os 
E = Eur) +510} +5408 (2) 


where isthe core-core distance between the oxy 
gen alos, which isa function of x, =, @r, and 8s. 
For every tip position (x, =), we minimize the en- 
‘ergy with respect to @; and 8, which thus yields 
the energy of the system at that postion. We can 
lifereniate this energy surface to yield the force 
and force gradient. The force gradient can then be 
‘convoluted with a semicircular weight function (to 
account for the cantilever motion) and muliplicd 
bby f/(28) to explicitly determine Af, which can be 
compared directly with our data, 

‘A spectrum of LFM data in red points (Fig. 
3B) was collected as a function of the vertical 
distance of the tip above the CO molecule, For 8 
sziven value oft, we can use the model to gen- 
‘rate an equivalent spectrum. We varied x for a 
least-squares fit to the data, The best fit, shown 
‘by a blue solid line in Fig, 3B, yielded a value of 
xr=22 zNm, This value ean be expressed as a 
linear spring constant ky = Xy/(leo)? = 0.24 Nim. 
We can then simulate a full LEM image from 
this model (Fig. 2B). The agreement is easier to 
appreciate comparing line seans (Fig. 2C). Data 
‘and model output further from the surface (fg. 
$2) (20) also show excellent agreement. 

Previous density functional theory-based cal 
culations of kr ranged from 0.3 fo 1.6 Nim, 
‘with previous experimental evidence pointing 
toa value lower than 0.5 Nim (2). Our value of 
(024 Nim agrees with this assessment, in particular 
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CO molecule in the direction of oscilaton. Sold blue line is the data; dashed 
black line is model output. (D) The colored inset shows the lateral forces. Black 
points indicate where the lateral force is zero. These points le on a circle whose 
radius defines the bond length between the oxygen atoms, 
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Fig. 3. Modeling the LFM process. (A) In our model, the final tip atom to which the CO is bound is 
set at (x2). The tip CO molecule is allowed to relax by an angle 6, and the surface molecule i allowed 
to relax by an angle Os, (B) LFM data directly above the CO molecule as a function of vertical distance 
(2), Solid red points are experimental, and the blue curve is the calculated output. 


that this value is much lower than that of the 
surface CO molecule. This lower value is expected 
‘because the apex of the tip docs not present 2 full 
surface to the CO molecule, but rather a fraction 
thereof, The following conclusion can be drawn: 
‘The CO on the surface is laterally much stiffer and 
therefore a better probe. To increase the lateral 
stiffness of the tip, the CO molecule should be 
picked up on a blunt metal tip. 

‘The LFM images have a strong signal that is 
‘much more spatially confined than are the normal- 
fore AFM images. Physically, the spatial rsolu- 
tion of frequency- modulation AFM is limited by 
the lateral extent of the force grudient. Especially 
in the case of a CO-terminated tip—in which lat- 
eral forces change rapidly over a sharp transition, 


such as encountering an adsorbato—LFM increases 
the spatial resolution. 
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Simultaneous Ground- 


and Space-Based 


Observations of the Plasmaspheric 
Plume and Reconnection 


B. M. Walsh,”** J. C. Foster,” 


J. Erickson,’ D. G. Sibeck* 


‘Magnetic reconnection isthe primary process through which energy couples from the solar wind into 
Earth’s magnetosphere and ionosphere. Conditions both in the incident solar wind and in the 
magnetosphere are important in determining the efficiency of this energy transfer. In particular, 
the cold, dense plasmaspheric plume can substantially impact the coupling in the dayside 
reconnection region. Using ground-based total electron content (TEC) maps and measurements 
from the THEMIS spacecraft, we investigated simultaneous ionosphere and magnetosphere observations 
of the plasmaspheric plume and its involvement in an unsteady magnetic reconnection process. The 
‘observations show the full circulation pattern of the plasmaspheric plume and validate the connection 
between signatures of variability in the dense plume and reconnection at the magnetopause 


as measured in situ and through TEC measurements in the ionosphere, 


he upward extension of cold, dense iono- 

spheric plasma forms Earth's plasmasphere, 

‘The motion of the plasmaspheric particles, 
is govemed by two electric fields, resulting from 
ccorotation and convection motion. The first domi- 
rates close to Earth and enforces rotation of these 
particles with Earth. The second comes from solar 


‘wind-magnetosphere coupling, in response to the 
application of dawn-to-dusk solar wind clectrc fields 
to the magnetosphere and ionosphere, During 
geomagnetically quiet times, plasmaspheric pat- 
ticles on closed E > B drift shells maintain fairly 
steady populations. During disturbed times, the con- 
vection electric field increases, eroding the outer 


region of the plasmasphere into a drainage plume 
that extends sunward toward the dayside magne- 
topause (J, 2) and noontime cusp ionosphere (3) 
The spatial and temporal evolution of the 
plasmasphere-ionosphere plume can be mea- 
sured through observations of total electron con- 
tent (TEC) from ground-based Global Poston 
Satelite (GPS) receivers Integrated electron content, 
is obtained through monitoring the phase delay 
of radio signals received from GPS spacecraft in 
Groular orbits at an altitude of 20,000 km. These 
ground-based observations allow us fo monitor the 
large scale morphology and extent of the plasma 
spheric plume (4), The structure and development 
of a sunwarchextending plume inthe dusk sector, 
a sen in TEC measurements, has been confined 
through extreme ulraviolet (EUV) imaging with 
NASA's IMAGE spacecraft (3); however, the sen- 
sitivity ofthese measurements does not allow for 
detection of plumes with lower densities and with, 
large rudial distances clase to the magnetopause. 
Although the extension of the plume to the outer 
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Fig. 3. Modeling the LFM process. (A) In our model, the final tip atom to which the CO is bound is 
set at (x2). The tip CO molecule is allowed to relax by an angle 6, and the surface molecule i allowed 
to relax by an angle Os, (B) LFM data directly above the CO molecule as a function of vertical distance 
(2), Solid red points are experimental, and the blue curve is the calculated output. 


that this value is much lower than that of the 
surface CO molecule. This lower value is expected 
‘because the apex of the tip docs not present 2 full 
surface to the CO molecule, but rather a fraction 
thereof, The following conclusion can be drawn: 
‘The CO on the surface is laterally much stiffer and 
therefore a better probe. To increase the lateral 
stiffness of the tip, the CO molecule should be 
picked up on a blunt metal tip. 

‘The LFM images have a strong signal that is 
‘much more spatially confined than are the normal- 
fore AFM images. Physically, the spatial rsolu- 
tion of frequency- modulation AFM is limited by 
the lateral extent of the force grudient. Especially 
in the case of a CO-terminated tip—in which lat- 
eral forces change rapidly over a sharp transition, 


such as encountering an adsorbato—LFM increases 
the spatial resolution. 
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Simultaneous Ground- 


and Space-Based 


Observations of the Plasmaspheric 
Plume and Reconnection 


B. M. Walsh,”** J. C. Foster,” 


J. Erickson,’ D. G. Sibeck* 


‘Magnetic reconnection isthe primary process through which energy couples from the solar wind into 
Earth’s magnetosphere and ionosphere. Conditions both in the incident solar wind and in the 
magnetosphere are important in determining the efficiency of this energy transfer. In particular, 
the cold, dense plasmaspheric plume can substantially impact the coupling in the dayside 
reconnection region. Using ground-based total electron content (TEC) maps and measurements 
from the THEMIS spacecraft, we investigated simultaneous ionosphere and magnetosphere observations 
of the plasmaspheric plume and its involvement in an unsteady magnetic reconnection process. The 
‘observations show the full circulation pattern of the plasmaspheric plume and validate the connection 
between signatures of variability in the dense plume and reconnection at the magnetopause 


as measured in situ and through TEC measurements in the ionosphere, 


he upward extension of cold, dense iono- 

spheric plasma forms Earth's plasmasphere, 

‘The motion of the plasmaspheric particles, 
is govemed by two electric fields, resulting from 
ccorotation and convection motion. The first domi- 
rates close to Earth and enforces rotation of these 
particles with Earth. The second comes from solar 


‘wind-magnetosphere coupling, in response to the 
application of dawn-to-dusk solar wind clectrc fields 
to the magnetosphere and ionosphere, During 
geomagnetically quiet times, plasmaspheric pat- 
ticles on closed E > B drift shells maintain fairly 
steady populations. During disturbed times, the con- 
vection electric field increases, eroding the outer 


region of the plasmasphere into a drainage plume 
that extends sunward toward the dayside magne- 
topause (J, 2) and noontime cusp ionosphere (3) 
The spatial and temporal evolution of the 
plasmasphere-ionosphere plume can be mea- 
sured through observations of total electron con- 
tent (TEC) from ground-based Global Poston 
Satelite (GPS) receivers Integrated electron content, 
is obtained through monitoring the phase delay 
of radio signals received from GPS spacecraft in 
Groular orbits at an altitude of 20,000 km. These 
ground-based observations allow us fo monitor the 
large scale morphology and extent of the plasma 
spheric plume (4), The structure and development 
of a sunwarchextending plume inthe dusk sector, 
a sen in TEC measurements, has been confined 
through extreme ulraviolet (EUV) imaging with 
NASA's IMAGE spacecraft (3); however, the sen- 
sitivity ofthese measurements does not allow for 
detection of plumes with lower densities and with, 
large rudial distances clase to the magnetopause. 
Although the extension of the plume to the outer 
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‘magnetosphere has been inferred from ground- 
‘based and in situ measurements independently, 
coincident in situ spacecraft and ground-based 
measurements necessary to confirm the plume's fill 
extension to the magnetopause and to the magnetic 
reconnection point have not been presented, 


Fig. 1. GPS TEC maps showing temporal evo- 
lution of the SED plume at noontime cusp. The 
color scale shows TEC units (ECU) where 1 TECU = 
10" electrons/m®, The plots are oriented so that 
(ocal noon is up in each panel. The plume persists 
for a number of hours; the black arrow indicates 
the postion of the cusp signature in the TEC data 
The gray citcle in the top left panel is the magnetic 
footprint of THEMIS E as it crosses the reconnecting 
magnetopause at 18:22 UT. The black cirde is the 
poleward precipitation boundary from the OVATION 
model (22). 


Fig. 2. TEC measurements projected to the equatorial 
plane following magnetic field lines with the Inter- 
national Geomagnetic Reference Field (IGRF) model. 
The star indicates the position where the THEMIS A space- 
craft crosses the magnetopause. The solid circles along the 
‘orbit are each separated by 1 hour spanning the time period 
‘rom 16 to 22 UT. The black line sa modeled position of the 


magnetopause (22). 
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‘The presence of a high-density plasmaspheric 
plume at the reconnecting magnetopause is pre- 
dicted to decrease the solar wind-magnetosphere 
‘coupling in the localized region of the plume (5-4). 
‘Through the process of magnetic reconnection, 
‘magnetic field lines in the solar wind interconnect 
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‘with Earth's magnetospheric field tines, allowing: 
plasma and energy to transfer from the solar wind 
into the magnetosphere and ionosphere. The effi 
ciency of the reconnection process will govern how 
much energy is being transferred, Theory and sim- 
ulations predict that the reconnection rate slows 
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Fig. 3. Measurements from the three THEMIS THEMIS magnetopause crossings Reconnestion signatures 
spacecraft during each magnetopause crossing. 1090 

The left plots show the same time scale for each 
spacecraft in GSM coordinates. The right plots are 
zoomed in on the time periad of the magnetopause os 
crossing and are in boundary normal (LMN) coor- id A v 233 ae iY 
dinates. For each spacecraft, the panels from top to 
bottom show electron density bulk flow components, 
‘and magnetic field components. The LMIN coordinate 
system is defined such that the N ais points outward 
along the magnetopause normal and the (, M) plane 
{s tangential to the magnetopause with L orientated 
‘due north and M due west. The vertical dashed black 
line indicates when each spacecraft passed through 
the magnetopause. 
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Fig. 4. Magnetic field 70 83 nT). During the stom, the ionospheric density 
measurements, from THEMIS E jnereod nl angele femobencel de 
THEMIS E during the 60F sity (SED) plume (17) developed in TEC measure- 
magnetopause cossing cp ments (Fig. 1), The SED plume streamed in the 
jn boundary normal co- > 5° Convection ow fom the disk sector to te noo 
ordinates. Clear signa E time esp (aro) and then antsumvard across the 
{wes of a fae trantr E polar cap, forming the polar tongue of ionization 
et vere bevel Tee sok (TO! (72). The patchy, intermittent structure of 
fan etencent he tnnced TEC within the TO (Fig. 1) has been 
magne fed seth ay infant vary in te mi of mag 
ep elope rcnestin (23, 74), 


to a bipolar signature in 
the By component and a 
deflection of the By com- 
Ponent (bottom pane. 
Because the spacecraft i 
north ofthe reconnection 
site, as noted from the 
jets in the 4M, direction 


During the same time period when the ex- 
tended SED plume was monitored in the iono- 
sphere, three of NASA's THEMIS spacecraft 
(15) detected the plume with in situ measure- 
‘ments at the magnetopause in a “string of pears" 
formation (Fig. 2), The local time of the plume 
projected from the ionosphere is consistent with the 


(Fig. 3), an outwardinvard +/- Bipolar Signature location where THEMIS observed high-density 
(+, —) bipolar signature, plasma at the magnetopause (12.7 hours in mag- 
indicating a northward- bh, 47 182) 1822 1823 netic local time), demonstrating the continuous 
moving feature, is antic- at ‘extension of the plume from the inner magneto 


pated 23) and observed. sphere sunward all the way to the magnetopause. 
‘The THEMIS spacecraft were separated by 

roughly 45 min along the orbit, During the time 

‘when the plasma density increases (9, 10). Here we On 17 January 2013, a coronal mass ejection plotted on the let in Fig. 3, each spacecraft passed 
present simultaneous, magnetically coincident ob- (CME) impacted Earth’s magnetosphere, resulting from the magnetosheath into the magnetosphere. 
servations of the plume at the dayside reconnection in a small geomagnetic stom, as indicated by the The magnetopause boundary is identifiod through 
point in both the magnetosphere and ionosphere. Disturbed Storm Time (Ds) index (minimum of a strong rotation in the Z magnetic field compo- 
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nent from —A5 nT to 40 nT in the geocentric solar 
‘magnetospheric (GSM) coordinate system. This 
coordinate system is defined such that the X axis 
points ffom Earth to the Sun, Yis perpendicular to 
Earth's magnetic dipole avis so that the AZ plane 
contains the dipole axis, and Z is in the same sense 
a the northem magnetic pole, For each magneto- 
pase crossing, the magnetospheric density adja- 
cent to the magnetopause was greater than 10 em 
‘This is close to two anders of magnitude greater than 
the nominal value, demonstrating the presence of 
a plume. The density was measured through the 
spacecraft potential 

During each of the three magnetopause cross- 
ings, a trong rotation ofthe magnetic field (>120°) 
‘and a reconnection jet were observed. These cross- 
ings provide several confirmations of magnetic 
reconnection and the participation of the dense 
plume in the process. The first confirmation is 
the jet velocity. The reconnection jet is caused by 
the magnetic tension force that accelerates the 
‘exhaust plasma to the Alfvén speed. In the case 
of asymmetric reconnection, when the density 
‘nd magnetic field strength are not the same on 
both sides of the current sheet, the jet velocity is 
a hybrid of Alfvén speeds on both sides. In each 
boundary crossing, the jet velocity matches to 
within $% of the predicied hybrid Alfvén speed 
(Fig, 3) as calculated by a previous model (9, 16) 

‘A second confirmation of the impact of the 
cold plume plasma is the location of the recon- 
nection jet. Typically the magnetosheath is much 
denser than the dayside magnetosphere and the 
jet lies primarily on magnetic field lines with 
magnetospheric orientation (+8, (17, 18). In 
cour study, the region of the magnetosphere adja- 
cent to the magnetopause has been mass-loaded 
and the jets are primarily on field lines with 
netosheath orientation (-B.) (Fig. 3). The oc 
currence of reconnection jets primarily on field 
lines of magnetosheath orientation provides ad- 
ditional evidence for the impact of the plume 
density on magnetopause reconnection. 

‘The location of THEMIS at the reconnecting, 
‘magnetopause also maps to the point in the 
ionosphere where the TOI is formed and en- 
hhancements in TEC stream tailward over the 
pole on open field lines (Fig. 1). This confirms 
that the formation of the TOL in the ionosphere 
is spatially linked to the presence of the plume 
and reconnection atthe magnetopause. The dense 
plasma on newly opened magnetic field lines 
convects tailward over the pole, as observed in 
the motion of TOI patches in the ionosphere and 
in situ at the magnetopause. Future studies using, 
the high spatial and almost continuous coverage 
of the ground-based TEC maps may use this con- 
nection to monitor reconnection and identify when 
plume material has reached the magnetopause. 

In addition to identifying substantial density 
enhancements and mass loading at the magne 
topause, these conjugate measurements confirm 
the connection between intermittent reconnection 
signatures at the magnetopause and in the iono- 
sphere. Bursts of reconnection can cause twisted 


magnetic fhax ropes known as flax transfer events 
to form at the magnetopause (19, 20). At the mag- 
netopause, a flux transfer event, demonstrating in- 
termittent or “bursty” reconnection, was observed 
in the THEMIS measurements (Fig. 4) In the iono- 
sphere, patches of TEC enhancements known as 
polar cap patches were observed convecting over 
the pole on open magnetic field lines (Fig. 1). These 
patches correspond to variability in reconnection 
‘causing uneven rates of plasma to be transported 
‘over the pole. Previous work (13, /4) used polar 
cap patches to infer variability in magnetopause 
reconnection; however, this association had not 
‘been validated through in situ measurements at 
the magnetopause. 

(Our results imply an extended plasmaspheric 
plume that spanned fom a nominal plasmapause 
to the dayside magnetopause, where it impacted 
‘magnetic reconnection. Ground-based TEC mea- 
‘surements demonstrate that the extended plume 
‘existed for several hours. During this period, three 
‘THEMIS spacecraft provided magnetically coin- 
cident measurements of the plume mass-loading 
the magnetopause reconnection site near local 
noon. The spacecraft measurements show sig- 
natures of intermittent or bursty reconnection at 
the magnetopause corresponding to the occur- 
rence of patches of enhanced TEC convecting, 
tailwand on open field lines over the pole in the 
ionosphere. The simultaneous observation of 
the conjugate location of the reconnection site 
at the magnetopause with the TEC cusp sig- 
nature ionosphere (Fig. 1) is important. With this 
association validated, studies of the occurrence, 
location, and variability of reconnection at the 
magnetopause can be conducted with the assist 
ance of ground-based TEC maps that provide 
hhigh spatial and almost continuous temporal 
coverage. 
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Tunable Phonon Polaritons 
in Atomically Thin van der Waals 
Crystals of Boron Nitride 


S. Dai,’ Z. Fei,’ Q. Ma,” A. S. Rodin,? M. Wagner,” A. S. McLeod,” M. K. 
* K, Watanabe, T. Taniguchi,* M. Thiemens,” G. Dominguez, 
2° F. Keilmann,” P. Jarillo-Herrero,” M. M. Fogler,’ D. N. Basov"* 


u,? W. Gannett,"* 
‘AH, Castro Neto,*" 


van der Waals heterostructures assembled from atomically thin crystalline layers of diverse 
two-dimensional solids are emerging as a new paradigm in the physics of materials. We used 
infrared nanoimaging to study the properties of surface phonon polaritons in a representative 
van der Waals crystal, hexagonal boron nitride. We launched, detected, and imaged the polaritonic 
\waves in real space and altered their wavelength by varying the number of crystal layers in 

ur specimens. The measured dispersion of polaritonic waves was shown to be governed by the 
crystal thickness according to a scaling law that persists down to a few atomic layers. Our results 

are likely to hold true in other polar van der Waals crystals and may lead to new functionalities, 


aayered van der Waals (vdW) crystals con- 
sist of individual atomic planes weakly 
coupled by vaW interaction, similar to 


graphene monolayers in bulk graphite (/—3). 
These materials can harbor superconductivity 
(2) and ferromagnetism (4) with high transition 
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temperatures, emit light (5, 6), and exhibit topo- 
logically protected surface states (7), among many 
other effects (8). An ambitious practical goal (9) is 
to exploit atomic planes of vaW erystals as building 
blocks of more complex artificially stacked struc- 
tures where each such block will deliver layer- 
specific attributes forthe purpose of their combined 
fimctionality (3). We explored the behavior of pho- 
‘non polaitons in hexagonal boron nitride (RN), a 
representative vdW enya. The phonon potaritons 
are collective modes that originate from coupling of 
photons with optical phonons (/0) in polar crystals. 
‘They have been investigated in the contest of en- 
ergy transfer (1/, 12), coherent control ofthe lat- 
tice (13), ultramicroscopy (/4, 15), “supertensing! 

(Z6), and metamaterials (17, 18). Tunable phonon 
polaritons that we discovered in KBN by direct in- 
fared (IR) nanoimaging set the stage for the im- 
plementation of these appealing concepts in vdW 
hoterostructures. Polartonic effects reported here are 
likely generic to other polar vdW solids because 
these materials commonly show optical phonons 
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BN stands out in this class of materials thanks to 
its light constuent elements, which yield partic 
ularly tong phonon resonances that spun a broad 
region of the technologically important IR ban. 

IR nanoimaging and Fourier transform IR 
naano-spectrscopy (nano-FTIR) experiments were 
performed at UCSD by using a scattering-type 
scanning neared optical microscope (¢SNOM) 
(19). The physics of polariton imaging using 
SSNOM i akin to nanoimaging of surfice pas- 
mons (20, 21) (Fig. 1A), In short, we illuminated 
the metalized tip of an stomic force microscope 
(AEM) with an IR beam. We used quantum cas- 
cade lasers (QCL) with tunable frequency « 
Vig, Where fy is IR beam wavelength and a 
broad-band difference frequency generation (DFG) 
laser system (22). Our AFM tip with curvature 
radius a= 25 nm is polarized by the incident IR 
beam. The light momenta imparted by the tip ex- 
tend to the typical ringe of momenta supporting 
phonon polaritons in KBN (Fig. 2E). Therefor, 
the strong electric field between the tip and the 
sample provides the nscessry momentum to lanch 
polariton waves of wavelength Ay that propagate 
mnnly outward fom the tip along the MBN surice 
AFM ps exploited in our nanospectroscopy in- 
strument are commonly refemed to as optical an- 
termas (23) an analogy that is particularly relevant 
to desenbe the surface wave launching fantion of 
the tp. Upon reaching the sample ede, politic 
syaves ae reflected back, forming.a stinding wave 
between the tip and hBN edge. As the tip is 
scanned toward the edge, the seatering signal 
collected from undemeath the tip reveals osci- 
lations withthe period of fy? 

Representative nanoimaging dita ae displayed 
in Fig 1, B and D to F, where we plot the normal 
ized nearfild amplitudes) ~ ss) fe) at 
several IR frequencies in the 1550- to 1580-cm ! 
range. Here, sinx(() and sag(c) are the seater 


ing amplitudes for, respectively, the sample and the 
reference (Aurcoated wafer) (79). The amplitudes 
‘were demodulated at the third or the fourth har- 
monic of the tapping frequency to isolate the gen- 
une near-field signal (23), The images in Fig. 1, B 
to F, were taken for a tapered ABN crystal of thick- 
ness d= 256 nm, They reveal a hatched pattem of 
periodic maxima, fiinges, of (@) running parallel 
to the edges, with the “hot spots” located where two 
‘or more finges intersect. We observed similar fringe 
pattems in other hBN samples, including those that 
ae only a few atomic layers thick (Fig. 1G). Such 
pattems are readily accounted for (Fig. 1C) within 
a phenomenological theory that considers reflee- 
tions from the tapered edges (19). 

Data in Fig. | allow one to obtain the potarton 
wavelength Ay simply by doubling the fringe 
period, and the corresponding momentum can be 
calculated as q = 2n/2y. We used two approaches 
to determine the dispersion relation q = g(«) of 
the polaritons. One method (15, 20, 2/) is to 
‘analyze the periodicity of fringes at discrete fre- 
‘quencies of the IR source (Fig. 1, B and D to G), 
We have complemented this procedure with a 
technique capable of capturing the entire disper- 
sion in the course of one single scan of our nano- 
scope. We executed this line scan on an BBN 
crystal with a large surface area to ensure that 
the L = 0 boundary is the principal reflector for 
the tip-launched polaritons (Fig. 2A). Such a 
line scan (Fig. 2, A, B, and D) is composed of a 
series of broad-band nano-FTIR spectra taken at 
‘every pixel. Starting in the region of unobscured 
SiO; substrate (L < 0) and continuing through 
the MBN crystal (L > 0), we combined the spec- 
tra from all pixels along the line scan and thus 
obiained a two-dimensional map s(L, «), shown 
in Fig. 2B. In the plot, we observed a series of 
resonances that systematically yary with ffe- 
quency «and the distance from the sample edge 


Fig. 1. Real-space imaging of surface phonon polaritons on hBN. (A) 
Schematics. Arrows denote the incident and back-scattered IR light. Concen- 
tric yellow circles illustrate the phonon polariton waves launched by the AFM, 
tip and reflected by the two edges of a tapered hBN crystal. (B and D to F) 
IR near-field images of the normalized amplitude sl) defined in the text 


indicate 800 nm, 


and taken at diferent IR frequencies [MBN thickness in (B) to (F) d = 256 nm. 
(© Simulation of the phonon polariton interference pattern (29). (G) Phonon 
polartons probed in three-layer (lef) and four-ayer (right) MBN crystals. White 
dashed line tracks the hBN edges according to the AFM topography, Scale bars 
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L. The nano-FTIR spectra fiom three represent- 
ative positions are shown in Fig. 2C, Each of 
the frames in Fig. 2C and each pixel in Fig. 2B 
unveil phonon polaritons in the frequency do- 
main, The momentum g corresponding to each 
in this map can be found from the fringe pe- 


persion in Fig, 2E are in excellent agreement with 
the modeling results, Briefly, the surface polaritons 
correspond to the divergences of the reflectivity 
x(q + ix, co) of the system at complex momenta 
q+ ix (10), For hy « 2, We derived the analytical 
formula for polariton dispersion (9): 


perpendicular and parallel to the ¢ axis), and SiOx 
substrate, respectively. The propagating modes 
correspond only to those integer / (if any) for 
‘which the loss factor = ax/q is postive and less 
than unity, Parameter a = + is the sign of the 
‘group velocity davidg (19). An instructive way 


riodicity along the « = constant cut. Therefore, 
a single line scan is sufficient to extract the com- 
plete dispersion profile of any surface mode, 
‘The two approaches for mapping the surface 
‘wave dispersion produced consistent results (tri 
angles in Fig, 2B were obiainad ffm monochromic 
imaging), The broad-band line scan data (dots in 
Fig. 2E) allowed us to probe the dispersion in the 
©~ g parameter space (1430 to 1530 em *) that 
‘cannot be investigated through the single-frequency 


imaging because of unavailability of proper QCLS. 
‘The experimental data for phonon polariton dis- 


where €,(0), ©, (0), €\(0), and e,(c) are the 
dielectric functions of air, MBN (for directions 


to visualize both the dispersion and the damping 
is via a false-color plot of Im ry(q, «) (19, 24) at 
real q and o (Fig, 2E). Our data line up with the 
topmost of these curves, which corresponds to 
the principal / = 0 branch (/9) in Eq. 1 
Additional insights into the photonic and 
polaritonic properties of BN were obtained 
by analyzing the frequency dependence of the 
nano-FTIR spectra. We collected the spectrum 
in Fig. 2F far away from the hBN edges, where 
the surface waves are damped and the scatter 
ing amplitude signal is solely governed by the 
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Fig. 2. The surface phonon polariton dispersion and nano-FTIR spectra. (A) 
Schematics of a nano-FTIR ine scan across the hBN crystal. Arrows denote the 
incident and back-scattered IR beam spanning 1350 to 1600 am*, Polaitonic 
waves are launched (green) by AFI tip and then reflected (orange) by hBN edge at 
L = 0. B) Polartonic features detected ina single line scan in (A). The normalized 
scattering amplitude spectra s(x) is plotted in te fase color scale. White dashed 
line at L = 0 marks the edge ofthe hBN crystal (thickness d = 134 nm), Triangles, 
{fringe maxima extracted from monochromatic imaging similar to Fig 1. (C) Nano- 
FIR spectra at three representative locations along the line can marked in (8). The 
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peaks marked by the arrows correspond to the dominant polariton interference 
fringe. (D) Phonon polariton features as probed via line scans for ultrathin hBN. 
caystals with d = 3.8 nm (et) and d = 8.8 nm (right). (E) The dispersion relation of 
‘phonon polartons in hBN. Triangles indicate data from monochromatic imaging in 
Fig. 1; dots, the nano-FTIR results from (B). The data are superimposed on a false- 
color plot of calculated Im r, (29); the black dashed lines are from Eq. 1. The 
straight line on the left represents the light line. (F) Nano-FTIR spectrum s(n) for 
the hBN crystal (Fig. 1, Ato F) taken away from the sample edges. The solid (green) 
part ofthe data cortesponds to hBN’s hyperbolic region where Ree, - Ree) <0, 
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local interaction with the phonon resonances (25). 
‘Two of these resonances centered around 770 and 
1370 cm " are due to the ¢ axis and the in-plane 
phonon modes of hBN, respectively (26, 27) 
‘The hump-cip feature around 1100 em ! origi- 
nates from the SiO, substrate (28): a consequence 
of a partial transparency of our specimen. The 
quantitative relaion between this spectrum, the 
reflectivity r(g, 0), and the fundamental pho- 
non modes can be established by numerical 
‘modeling of the tip-sample interaction (19). The 
right plot of Fig. 2F indicates that our model 
captures the gross features of the data, More- 
over, the hBN is an example of a natural hy- 
perbolic material (29): a crystal possessing the 
in-plane and out-of-plane components of the di- 
clectric tensor having the opposite signs so that 
Ree, - Ree) <0, Hyperbolic regions are marked 
in green in Fig. 2F, 

‘The layered nature of ydW materials, includ- 
ing hBN, facilitates the control of both the wave- 
length and the amplitude of polaritonic waves 
by varying the thickness d of the specimens. Rep- 
resentative line profiles (Fig. 3A) for specimens 
with d in the range of 150 to 250 nm were taken 
normal to the crystal edge at Z = 0, The thick- 
ness was measured simultaneously with the scat- 
tering amplitude through the AFM topography. 


All fringe profiles share the same line form with 
4 prominent peak close to the edge followed 
by weaker peaks that are gradually suppressed 
away from the edge. The oscillation period, equal 
to 4/2 (arrows in Fig. 3A), systematically de- 
‘creases as the samples become thinner. This 
scaling extends down to a few atomic layers (Fig. 
3, Band ©), 

‘The measured polariton wavelength (Fig 
3E) agrees with the theoretical predictions (Fig, 
3D). For 2 smaller than about one-half of 
gq = 7-1 4m, the polariton wavelength scales 
linearly with the erystal thickness d, in agree- 
ment with Eq. 1; at larger 2, the linear law 
shows signs of saturation, also in accord with 
‘our model (Fig. 3E inset). Experimentally, the 
phonon polaritons display thickness-tunability 
persisting down to three atomic layers (Fig. 3, 
B and C). We detected polaritons in even thinner 
samples (bilayer and monolayer ABN). How- 
ever, the quantitative analysis of these latter 
data is complicated because of the increasing 
role of the substrate in the polaritonic response 
that calls for further experiments on suspended 
membranes, 

Similar to surface plasmons, the phonon 
polaritons allow one to confine and contr clec- 
tromagnetic energy at the nanoscale (30), In 
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fact, the line form in Fig. 3A strongly resembles, 
plasmonic standing waves in graphene (20, 21) 
“The confinement factor hy/ty teaches 25 in hBN, 
comparable to that of plasmons in graphene 
(20, 21), Yot these compact polaritons in hBN 
are able to travel atleast 5 to 10 um, compared 
‘with less than 0.5 um for graphene plasmons. 
‘The comesponding loss factor = exig is around 
0.055, much smaller than atypical yin graphene. 
‘The low damping of polaritons in our insulat- 
ing samples is consistent with the absence of the 
electronic loses, the dominant damping channel 
in plasmonics. The observed loses can likely be 
farther suppressed by improving the crystallo- 
‘graphic order of the crystals 

Data in Figs. 1 to 3 show that phonon 
polaritons of the desired wavelength and con- 
finement can be engincered by varying the num 
ber of atomic layers in hBN by, for example, 
exfoliation techniques, Thus, hBN and likely 
other polar layered materials ean be integrated 
into vaW hetrostructures (3) to serve not only as 
clectrically insulating spacers but also as wave- 
{guides for weakly damped polaritons capable of 
traveling over considerable distances. Additonaly, 
the hyperbolic response of few-layer hBN is ap- 
pealing in the context of unique nanophotonics 
characteristics of this class of solids (29). 
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Fig. 3. The evolution of the phonon polariton wavelength and am- 
plitude with the thickness of hBN crystals. (A) Line profiles of the scat- 
tering amplitude s(o) at 1560 cm’* for hBN crystals with d = 154, 237, and 
256 nm. Arrows indicate the polariton wavelength. (B) Near-field image and 
(©) phonon polarton line profiles for few-layer hBN crystals. White dashed 
tine in (B) tracks the sample boundary; scale bar in (B), 400 nm. (D) Cal- 


culated dispersion relation ofthe {= 0 branch of the phonon polaritons in hBN 
for various cnstal thicknesses (d), TO and LO frequencies are marked with blue 
dashed lines (E) Dot, wavelengths of phonon polaritons probed at 1560 cm for 
crystals with different thicknesses (a); red line, calculated thickness dependence 
relation. (inset) Thickness dependence relation probed at 1400 cm for ultrathin 
BN crystals. See (19) for details, (F) Calculated loss factor for phonon polartons, 
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Rapid Reductions in North Atlantic 
Deep Water During the Peak 
of the Last Interglacial Period 


Eirik Vinje Galaasen,?* Ulysses 5. Ninnemann,*= Nil Irvali,” Helga (Kikki) F. Kleiven,?? 
Yair Rosenthal,” Catherine Kissel, David A. Hodell? 


Deep ocean circulation has been considered relatively stable during interglacial periods, yet little 


js known about its behavior on sub 


nial time scales. Using a subcentennially resolved 


epibenthic foraminiferal 5°°C record, we show that the influence of North Atlantic Deep Water 
(NADW) was strong at the onset of the last interglacial period and was then interrupted by several 
prominent centennial-scale reductions. These NADW transients occurred during periods of 
increased ice rafting and southward expansions of polar water influence, suggesting that a 
buoyancy threshold for convective instability was triggered by freshwater and circum-Arctic 
cryosphere changes. The deep Atlantic chemical changes were similar in magnitude to those 
associated with glaciations, implying that the canonical view of a relatively stable interglacial 
circulation may not hold for conditions warmer and fresher than at present. 


ture climate could be affected on a global 

scale if the circulation of North Atlantic 

Deep Water (NADW), the main water mass 
ventilating the deep Atlantic (Fig. 1) (1), is al- 
tered. Such changes could have widespread and 
long-lasting impacts— including, for example, on 
regional sea level (2) the intensity and pacing 
of Sahel droughts (3), and the pattem and rate 
of ocean acidification and CO, sequestration 
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(4). However, the response of NADW to high- 
latitude warming and ocean fieshening, both of 
‘which would decrease source region density and 
potentially inhibit NADW formation, remains 
‘key uncertainty in future climate projections 
Model estimates range from nearly no change 
to ~$0% reduction in Atlantic Meridional Over- 
tuming Circulation by 2100 CE (5). Compounding 
the uncertainty, models may inherently underes- 
timate the possibility for abrupt and large changes 
(6), and there may even be eritcal stability thresh 
‘olds in surface ocean buoyancy that, if erossed, 
could switch circulation into an equilibrium state 
without strong NADW formation (7. 8). The 
current consensus is that we are far from any 
such stability thresholds and that the modem 
style of vigorous NADW ventilation is a robust 
feature of warm interglacial climates. Only modest 
millennal-scale NADW variability has been found 
to occur during interglacials (9, 10) relative to 


that seen during colder glacial periods (//). How- 
ever, large but shorter-lived transient anomalies 
might be possible even in the midst of a gencral- 
ly vigorous interglacial circulation (7, 12, 13). 
Hence, reconstructions with appropriate reso- 
lution to characterize the short-term instability of 
NADW during warmer climates are needed to 
assess model fidelity and constrain possible tip- 
pping points for ocean circulation. We used deep 
sea sediment proxy records from key locations 
(Fig. 1) to assess the occurrence and magnitude of 
cenfennial-scale variability in NADW over the 
‘warm interval ofthe last interglacial period (LIG) 
[marine isotope stage (MIS) Se]. The LIG is a use- 
fil period for evaluating the sensitivity of NADW_ 
to key features that we may face in the future, in- 
cluding a warmer and ffesher North Atlantic than 
at present (14, 15) and the retreat of the cireum— 
North Atlantic eryosphere (15, 16). 

We characterized the short-term variability 
of NADW over the LIG using sediment core 
MD03-2664 (57°26.34'N, 48°36.35'W; 3442 m 
‘water depth) fiom the Eiik Drift site used to 
identify the centennial-scale NADW reduction 
associated with the climate anomaly 82 thou- 
sand years before the present (ky B.P.) (2), 
This site monitors the newly formed. integrated 
Nordic Seas overflows (2) that are the primary 
constituents of lower NADW (1), The high sed 
mentation rate (-35 em ky’) at this location allows 
‘a multidecadal depiction of lower NADW proper- 
ties and ventilation across the LIG (~30 years 
per L-em sample), which is approximately an onder 
‘of magnitude greater than the previous reconstruc- 
tions used to infer millennial-scale NADW stability 
during the LIG (10, 17) 

(On our age model (/8), the MIS Se “plateau” 
[the interval of relatively constant minimum ice 
‘volume (benthic 6'*0)] corresponds to 116.1 to 
128.0 ky. We focused our study on this interval, 
referring to it as the LIG. We documented NADW 
variability using the carbon isotopic composition 
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Rapid Reductions in North Atlantic 
Deep Water During the Peak 
of the Last Interglacial Period 
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Deep ocean circulation has been considered relatively stable during interglacial periods, yet little 


js known about its behavior on sub 


nial time scales. Using a subcentennially resolved 


epibenthic foraminiferal 5°°C record, we show that the influence of North Atlantic Deep Water 
(NADW) was strong at the onset of the last interglacial period and was then interrupted by several 
prominent centennial-scale reductions. These NADW transients occurred during periods of 
increased ice rafting and southward expansions of polar water influence, suggesting that a 
buoyancy threshold for convective instability was triggered by freshwater and circum-Arctic 
cryosphere changes. The deep Atlantic chemical changes were similar in magnitude to those 
associated with glaciations, implying that the canonical view of a relatively stable interglacial 
circulation may not hold for conditions warmer and fresher than at present. 


ture climate could be affected on a global 

scale if the circulation of North Atlantic 

Deep Water (NADW), the main water mass 
ventilating the deep Atlantic (Fig. 1) (1), is al- 
tered. Such changes could have widespread and 
long-lasting impacts— including, for example, on 
regional sea level (2) the intensity and pacing 
of Sahel droughts (3), and the pattem and rate 
of ocean acidification and CO, sequestration 
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(4). However, the response of NADW to high- 
latitude warming and ocean fieshening, both of 
‘which would decrease source region density and 
potentially inhibit NADW formation, remains 
‘key uncertainty in future climate projections 
Model estimates range from nearly no change 
to ~$0% reduction in Atlantic Meridional Over- 
tuming Circulation by 2100 CE (5). Compounding 
the uncertainty, models may inherently underes- 
timate the possibility for abrupt and large changes 
(6), and there may even be eritcal stability thresh 
‘olds in surface ocean buoyancy that, if erossed, 
could switch circulation into an equilibrium state 
without strong NADW formation (7. 8). The 
current consensus is that we are far from any 
such stability thresholds and that the modem 
style of vigorous NADW ventilation is a robust 
feature of warm interglacial climates. Only modest 
millennal-scale NADW variability has been found 
to occur during interglacials (9, 10) relative to 


that seen during colder glacial periods (//). How- 
ever, large but shorter-lived transient anomalies 
might be possible even in the midst of a gencral- 
ly vigorous interglacial circulation (7, 12, 13). 
Hence, reconstructions with appropriate reso- 
lution to characterize the short-term instability of 
NADW during warmer climates are needed to 
assess model fidelity and constrain possible tip- 
pping points for ocean circulation. We used deep 
sea sediment proxy records from key locations 
(Fig. 1) to assess the occurrence and magnitude of 
cenfennial-scale variability in NADW over the 
‘warm interval ofthe last interglacial period (LIG) 
[marine isotope stage (MIS) Se]. The LIG is a use- 
fil period for evaluating the sensitivity of NADW_ 
to key features that we may face in the future, in- 
cluding a warmer and ffesher North Atlantic than 
at present (14, 15) and the retreat of the cireum— 
North Atlantic eryosphere (15, 16). 

We characterized the short-term variability 
of NADW over the LIG using sediment core 
MD03-2664 (57°26.34'N, 48°36.35'W; 3442 m 
‘water depth) fiom the Eiik Drift site used to 
identify the centennial-scale NADW reduction 
associated with the climate anomaly 82 thou- 
sand years before the present (ky B.P.) (2), 
This site monitors the newly formed. integrated 
Nordic Seas overflows (2) that are the primary 
constituents of lower NADW (1), The high sed 
mentation rate (-35 em ky’) at this location allows 
‘a multidecadal depiction of lower NADW proper- 
ties and ventilation across the LIG (~30 years 
per L-em sample), which is approximately an onder 
‘of magnitude greater than the previous reconstruc- 
tions used to infer millennial-scale NADW stability 
during the LIG (10, 17) 

(On our age model (/8), the MIS Se “plateau” 
[the interval of relatively constant minimum ice 
‘volume (benthic 6'*0)] corresponds to 116.1 to 
128.0 ky. We focused our study on this interval, 
referring to it as the LIG. We documented NADW 
variability using the carbon isotopic composition 
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(2C) of bottom water, a widely used tracer to 
elimit the roatve influence of low-mutrient (high- 
51°C) NADW and nutrient-rich (low-8°C) South- 
em Ocean-sourced bottom waters (19) (Fig, 1). 
We reconstructed bottom water 6°°C using the 
cpibenthic foruminifera Cibicidoides wuellerstorf 

Peak epibenthic foraminifera 8!°C values fiom 
Erk Drift core MD03-2664 gradually increased 
during the LIG by ~05 per mil (%e) (Fig. 2), par 
alleling long-term trends in planktonic and benthic 
'5!°C records fom the Nordic Seas (20, 21) source 
region for NADW. The similar trends in deep 
water 5°C at the Eirik Drift and Nordic Seas in- 
dicate a strong influence of Nordic Seas-sourced 
deep water atthe core ste during much ofthe LIG. 
This suggests that a water mass distribution similar 
to that of the modem Atlantic, with strong NADW 
influence, was established after the penultimate 
deglaciation and persist on millenia! and longer 
time scales thoughout the LIG, as previously ob- 
served (10, 17). 

Despite this apparent millennial-scale stabil 
ity, large but short-lived 5!°C decreases indicate 
that prominent changes in bottom-water chemistry 
cccurred on shorter time scales (Fig 2). During 
those multicentennial shifts, epibenthic 6"°C de- 
creased abruptly by up to ~0.7%, an amplitude 
similar to that of glacial-interglacial (79) and 
rillennial-scale (Dansgaard-Ocschger) changes 
in the deep Atlantic (12). By comparison, the only 
52°C decrease of similar magnitude found at this 
site during the Holocene occurred afer the fresh- 
‘water outburst from proglacial Lake Agassiz (/2). 
Thus, we documented multiple LIG deep water 
cevents similar in 8"°C magnitude and duration to 
that associated withthe 82 ky BLP. event. 

‘What drove these transient changes in deep 
Atlantic chemistry? There are indications that 
similar bottom-water 8"°C reductions occur at 
ddoep sites inthe subpolar North Atlantic (22) and 
sub-Antarctic Atlantic (23) (Fig. 3). This wide 
geographic distribution (Fig. 1) requires  moch- 
anism able to reduce deep 8!C at widespread 
locations and climinate north-south 8!°C gradients 
in the abyssal Atlantic, We rule out changes in 
preformed NADW 3"°C as an explanation be- 
cause (j) there is no evidence fr such 8"°C changes 
in Nordic Seas source waters during the LIG 
(20, 21, (i) the changes are smaller in sites most 
divetly influenced by the Nordic Seas overflows 
(22), and (ii) it would require source water 8!°C 
changes that were larger and faster than those 
caused by the recent input of anthropogenic COs 
(24), Instead, the pattem of bottomewater chem- 
ical and circulation changes suggests that the 
Nondic Seas overflows repeatedly decreased in 
density andlor shoaled to depths shallower than 
the Eirk Drift during the low-5!°C excursions. 
‘The reduced bottom current vigor observed during 
the lagest 8!°C minimum at ~124 ky BP. (Fig. 3) 
is consistent with reduced NADW production 
(25), Sudden incursions of Southem Source Water 
(SSW) as NADW waned would explain the abrupt 
(nultidecadal) onset of the anomalies as well as 
the convergence of bottom-water 81°C toward 


Water depth (m) 


40°S 


20°S 


Fig. 1. Locations of core sites. MD03-2664 (57°26'N, 48°36W; 3442 m), [ODP Site U1304 (53°03'N, 


33°32W; 3082 m), NEAP-18K (52°46! 


low. 


Fig. 2. Deep-water property 
changes during the UG. Plot of 
epibenthic C. wuellestorfi 0 
(blue) and °C records (red with 
three-point running means (bold 
lines) from the Eirk Drift (core 
MD03-2664) versus core depth 
(bottom) and age (top). VPDB, 
Vienna Pee Dee belemnite stan- 
dard, The horizontal gray bar and 
vertical lines denote the UG (de- 
fined here asthe MIS Se isotopic 
plateau), and yellow shading de- 
notes LG periods of pronounced 
bottom-water 61°C reductions 
Dashed lines indicate intervals 
With insufficient foraminifera for 
analysis. C.wuellestorfi SC val- 
tues of ~0.5%s (early LIG) to 
10% (late LG) are similar to 
preformed Nordic Seas values (20), 
indicating NADW influence. 


C. wuellerstorfi 5C (%e VPDB) 


|, 30°21W; 3275 m), and ODP Site 1089 (40°56'S, 9°54'E; 4624 m) 
(core specifics are summarized in table 51). Core locations are projected onto a north-south section of 
dissolved inorganic carbon 53 (%) in the Atlantic (World Ocean Circulation Experiment A16) (36). 
High-5%C (low-nutrient) NADW occupies the basin at ~2 to 4 km water depth, overlying (high-nutriend) 
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SSW values (<0.0%e) (26) (Fi, 3). Likewise, shoal 
ing and a reduced influx of NADW to the South- 
em Ocean could explain the decrease in deep 
circumpolar 6"°C (Fig, 3). 

‘Changes in the production or density of NADW 
are likely to be linked to changes in North At- 
lantic source conditions (7, 8). During the LIG, 
the high northem latitudes were warmer than 
they are today, and the citcum-Aretic marine and 
teresrial crycspheres were smaller (15, 16). Mod 
cls suggest that increased North Atlantic surface 
buoyancy, due to relative warmth and increased 
freshwater fluxes from the LIG ice mass retreat, 
could have inhibited convection and delayed 
the onset of NADW formation (14, 15), Our re- 
sults provide an altemative view of deep ocean 
behavior. Rather than a general suppression of 
NADW production, our records suggest that re- 
latively brief, intermittent NADW reductions oc- 
curred against a background of strong NADW 
ventilation that was established at the onset 
of the LIG. This implies a fundamentally dif- 
forent deep ocean behavior, similar to what one 
‘might expect from threshold-ike flickering of 
deep convection. 

‘The largest and longest NADW anomalies 
occur early in the LIG when ice melting was 


strongest (15, 16, 27) and residual ice masses 
from the prior glaciation persisted (28). This pat- 
tem is reminiscent of the deep ocean and cryo- 
sphere coupling apparent in the early Holocene 
(2, 13), Supporting a connection between ice 
mass retreat and the NADW reductions, Eirik 
Drift ice-rafied debris (IRD) deposition and high 
‘Neogloboquadrina pachyderma (sinistral) BaCa 
ratios indicate that both iceberg supply and mett- 
‘water input persistod during the early LIG (Fig. 4). 
High Ba‘Ca ratios in N. pachyderma (s) tests in- 
dicate the presence of Ba-tich glacial meltwater 
inputs (29). The increased number of NADW 
snomaies during the early LIG relative to the Holo- 
‘cene may reflect generally fresher North Atlan- 
tic conditions (14, 15), due in part to the greater 
Greenland Ice Sheet retreat (16, 27). IRD input 
and Ba/Ca ratios tapered off at the Eirik Drift 
afer ~123.5 and ~124 ky, respectively, suggesting 
that the stabilization of NADW was coincident 
with the reduced input of icebergs and glacial 
meltwater to the North Atlantic (Fig. 4), 

Further supporting anole for freshwater forcing 
in triggering the deep-water anomalies, an out 
‘burst flood event analogous to that associated with 
the 82 ky BP. event occurred during the carly 
LIG (28), The detrital layer found throughout the 


Fig. 3. North and South Atlantic 
deep-water proxy records span- 1.0 
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Labrador Sea that is associated with this outburst 
flood and a marked surface freshening event early 
in the LIG (18, 28) is also present in our core at 
~124,5 ky (J8) and is followed immediately by 
the largest and longest NADW rednction of the 
LIG. This coincidence supports a role for sur 
face buoyancy changes in altering deep Atlantic 
‘water mass geometries and bottom-water chem- 
istry. However, itis important to note that the 
existence of NADW reductions during the soc- 
‘ond half of the LIG (at ~1168 and ~119.5 ky; 
Fig. 3), when conditions favored ice mass expan- 
sion rather than rapid retreat (30), suggests that 
docaying ice sheets may not be the sole means of 
triggering transient NADW reductions. Warm- 
ing and freshening related to hydrologic changes, 
as in model simulations of future warming, (5), 
could also have increased buoyancy and reduced 
NADW during the LIG. 

‘The large anomalies in NADW distribution 
allow us to assess the relationship between climate 
‘and deep ocean circulation changes during inter- 
‘glacial periods. Ocean circulation-driven changes 
in interhemispheric heat transport could explain 
the inverse lageterm Groenland and Antarctic tem- 
perature trends over the early LIG (30). Like- 
‘wise, climate was more variable during the LIG 
than the Holocene (20, 21), suggesting a possi- 
ble link with the increased NADW variability 
seen in our records. However, evidence for the 
type of widespread cooling associated with the 
carly Holocene (8.2 ky BLP) event (31) is lack- 
ing for the LIG events, This may indicate that sea 
ice feedbacks, which would be reduced during 
‘warmer interglacials, are critical for ampli 
ing the climate response to NADW changes (32) 
‘Alternatively, it may simply reflect the difficul- 
ty of resolving and dating such short-lived LIG 
events in the proxy records that are currently 
available. Regardless ofthe scale ofthe climate 
response, Erik Drift surface proxy reconstructions 
suggest that a distinct pattern of surface-ocean 
changes accompanied the NADW reductions. 
Increases in the abundance of the polar plank- 
tonic foraminifera N. pachyderma (s) document 
‘greater polar water influence in the northwest 
‘Atlantic during each NADW reduction (Fig, 4) 
These polar waters were fresher [marked by 
lower N. pachycderma (s) 60] during the early 
LIG than in the late LIG (Fig. 4), probably re- 
flecting the carly high-latitude freshening (33). 
This patter of southward-displaced polar wa- 
ters associated with NADW reductions mimics 
the millennial-scale pattem observed throughout 
the last glacial cycle (34), suggesting that similar 
‘ocean-atmosphere dynamics operated during in- 
terglacial centennial-scale events, A comparable 
pattem of changes, though briefer and subtler in 
character, also marked the Great Salinity Anomaly 
in the 1960s, when the expansion of fresh polar 
‘waters caused cessation of Labrador Sea con- 
ection (35). 

(Our results call for a reevaluation of the no- 
tion that the deep Atlantic ventilation is relatively 
stable and vigorous during interglacial periods. 
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Fig. 4, Proxy records spanning the UG 
(116.1 to 128.0 ly) section of core MDO3- 
2664. (A) Rectoreen color parameter cB) 
(C nellerstori 5C with a three-point run- 
ring mean, (C) N. pachyderma (abundance 
(2% of assemblage), (D) N. pachyderma (3) 
‘50 with a three-point running mean, 
(©) N. pachyderma (s) Ba/Ca, (umolimod), 
‘and (F) IRD (4) (0, (0), and (F) ae after 
Ivaliet al. (33). Yellow shading denotes 
periods of pronounced bottomvater 3C 
reductions. Dashed lines in (8) indicate 
intervals with insufficient foraminifera 
C muellerstorfi for analysis. The triangle 
in (A) denotes the position of the red de- 
trtal layer deposited during an outburst 
flood event (28). The (ON. pachyderma (3) 
abundance record, a proxy for surface tem- 
perature changes in the subpolar North 
Atlantic region (14), indicates changes 
in Birk Drift sea surface temperatures. 


é & 


8 
N. pachyderma (s)'Ba/Ca {umol/mol) 


ce-rafted debris % 


Our records resolving centennial-scale variabil- 
ity provide clear evidence for large changes in 
deep Atlantic water mass geometry—similar in 
‘magnitude to glacial millennial-scale events— 
‘punctuating the LIG, The most prominent NADW 
reductions occurred during periods of ice sheet 
melting and known freshwater outbursts, attest- 
ing tothe importance of surface buoyancy forcing 
in triggering such events. Concerns about the 
future evolution of the thermohaline circulation 
have revolved around the potential existence of 
inherent tipping points that, i crossed, could lead. 
to long-term perturbations in the mode of ventila- 
tion (7, 8), although the existence of such bi: 

stability is debated (6). The specific characteristics 
of the observed interglacial NADW anomalies 
provide insights into the deep ocean's stability 
‘and potential impact on a warming world. The 
shorter duration of the interglacial events as com- 
ppared to their glacial equivalents indicates that 
citer the forcing or the ocean's inherent response 
‘was more transient during warm (interglacial) con- 
ditions, arguing against an interglacial deep At- 
lantic with imeversible tipping points, Nevertheless, 
the large and rapid variability in deep ocean ven- 
tiation also supports the existence of a critical 


a* color parameter 


C. wuellerstorfi 8C (%e VPDB) 


N. pachyderma (s) % 


IN. pachyderma (s) 60 (%e VPDB) 


stobility threshold; most likely related to deep 
convection, given the apparent link to surface 
‘buoyancy forcing. Although transient in nature, 
large interglacial anomalies in deep ventilation 
may still be of particular concer. If triggered, 
they could alter regional climate (3) and COs 
sequestration pathways (4) and in the most ex- 
treme cases would as much as douible the sea-level 
increases projected by 2100 CE for densely 
populated circum-North Atlantic regions (2). Our 
results suggest that past interglacial NADW re- 
ductions were abruptly initiated, persisted for 
centuries, and were concentrated around pe~ 
riods of North Atlantic warmth and freshwater 
addition, both of which are expected in the fu- 
ture (5) 
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Structural Basis for Heavy Metal 
Detoxification by an Atm1-Type 
ABC Exporter 


Jonas Y. Lee,? Janet G. Yang, Daniel Zhitnitsky,? Oded Lewinson,? Douglas C. Rees** 


Although substantial progress has been achieved in the structural analysis of exporters from 
the superfamily of adenosine triphosphate (ATP)-binding cassette (ABC) transporters, much 
less is known about how they selectively recognize substrates and how substrate binding is 
coupled to ATP hydrolysis. We have addressed these questions through crystallographic 
analysis of the Atm1/ABCB7/HMTL/ABCB6 ortholog from Novosphingobium aromaticivorans 
DSM 12444, NaAtmi, at 2.4 angstrom resolution. Consistent with a physiological role in 
cellular detoxification processes, functional studies showed that glutathione derivatives can 
serve as substrates for NaAtm1 and that its overexpression in Escherichia coli confers protection 
against silver and mercury toxicity. The glutathione binding site highlights the articulated 
design of ABC exporters, with ligands and nucleotides spanning structurally conserved elements 


to create adaptable interfaces accommodating conformational rearrangements during the 


transport cycle. 


the Atml/ABCB7/HMTI/ABCBB6 family 

‘of adenosine triphosphate (ATP)-binding. 

cassette (ABC) exporters has been impli- 
cated in transition metal homeostasis and de- 
toxification processes (/-4), In eukaryotes, the 
Atml/ABCB7 ortholog is present in the inner 
membrane of mitochondria and is required for 
the formation of cytosolic iron-sulfur cluster 
containing proteins (5); mutations of this protein 


result in mitochondrial accumulation of iron (6) 
and are responsible for X-linked sideroblastic 
anemia (7). ABCB6 was first identified as a 
porphyrin transporter present in the outer mem- 
brane of mitochondria (8), but it may also play 
‘role in arsenic resistance (9) and is present in 
the Golgi (/0), lysosomal (J), and plasma mem- 
‘branes (12). Other homologs have been impli- 
cated in heavy metal detoxification, including 


120A 


REPO! 


cadmium resistance by heavy metal tolerance 
factor-I (HMT!) in Caenorhabditis elegans and 
Drosophila melanogaster (13-15), The available 
evidence (16) siggests that for some of these 
transporters, the substrates may be related to the 
thiol-containing glutathione (GSH), a tripeptide 
of sequence y-Glu-Cys-Gly. GSH is an abun- 
ddant cellular antioxidant that mediates resistance 
to electrophiles, heavy metals, and xenobiotics 
7-19), 

As a starting point for addressing the mo- 
lecular mechanism of this family of ABC trans- 
porters and their physiological role(s) in metal 
homeostasis, we have solved the structure of the 
‘Atml-family ABC exporter ffom Novosphingobiim 
‘aromaticivorans (NaAtml) at 24 A resolution 
(20). NaAtml shares ~45% sequence identity with 
Saccharomyces cerevisiae Atml, human ABCB7, 
and HMT-I (fg, S1), and hence it should provide 
‘-usefil model for these eukaryotic transporters 
[sce Srinivasan et al. (21)]. Reflecting the basic 
architecture of the ABC exporter family that 
‘was first elucidated for the Sav1866 transporter 
(22) and subsequently found in other ABC ex- 
porters (23-27), NaAtml forms a homodimer, 
‘with each subunit containing six transmembrane 


Howard Hughes Mada institute and Divion of Chemisty 
and Chemical Engineering, Mal Code 114-86, California In- 
stitute of Teehnalogy, Pasadena, CA 91125, USA “Department 
of Hicrabiology, Rappaport Family Insitute for Research, 
Faculty of Medicina Technion-Irael Institute of Technology, 
32000 Hail, isel. 


“Corresponding author. Email: dcrees@altech.edu 


Fig. 1. Structural representations of NaAtmt. (A) Ribbon diagram il- 
lustrating the dimeric structure of NaAtm2, viewed normal to the molec- 
ular two-fold axis with the membrane-spanning domains and NBDs oriented 
toward the top and bottom, respectively. The approximate position of the 
membrane is designated by the gray bilayer, with the periplasm- and 
‘ytoplasm-facing surfaces toward the top and bottom, respectively. (B) 


Binding sites for GSSG illustrated in the same orientation as (A), with 
the ligand depicted as space-filling models; primary and secondary 

inding sites are represented by green and yellow carbons, respectively. 
(©) Representation of one NaAtm2 subunit emphasizing the secondary 
structure arrangement, based on the Sav1866 nomenclature (22). ICL, 
intracellular loop. 
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(IM) helices fused to the nucleotide-binding do- 
main (NBD) (Fig. 1). NaAtmt adopts an inward 
facing conformation that most closely resembles 
(fig. $2) the structures of a Thermotoga maritima 
ABC transporter (24) and the human ABCB1O 
transporter (26). 

Because fictional studies for NaAtml have 
not been reported, we implemented three approaches 
to identify potential substrates for transport: (i the 
ability of ligands to stimulate adenosine triphos 
phatase (ATPase) activity (16, 28, 29); (iin vitro 
transport assays measuring uptake into E. coli 
‘membrane vesicles; an (iti in vivo susceptibility 
assays to assess the ability of NaAtml to restore 
tolerance to heavy metals in sensitive E. col stains 
(30, 31). As observed for S. cerevisiae Atmlp (16), 
the ATPase activity of NaAtml was stimulated by 
GSH and related compounds, with the highest 
activity (defined by the ratio of the catalytic ate 
constant kea to the Michaclis constant Kn) ob 
served for motallated, aromatic hydrocarbon— 
conjugated, and oxidized! GSH derivatives (Table 
1 and figs. S3 and S4). For the most active 
substrates, the ATPase activity was stimulated 
bya factor of 3 to 7 over the basal rate, Effective 
stimulation of ATPase activity by ligands appears 
to equire both free a-carboxy/ and c-amino groups, 
because glycine and the y-peptides GSH, 7-Glu- 
Cys, and ophthalmic acid (glutathione with the 
thiol group replaced with methy! exhibited stronger 
ATPase activities relative to Cys-Gly and mono- 
carboxylic acids (Table 1); these properties con- 
trast with yeast Atml, in which the GSH thiol 
‘group is critical for efficent ATPase activity (6), 
However, the presence of a-amino and carboxyl 
‘groups in the transported ligand, although ap- 
parently necessary, is not sufficient for ATPase 
activity, as evidenced by the low activity of many 
amino acids (fig. $5). Further demonstration of 
the substrate specificity of NaAtm1 was provided 
by direct transport assays, where we observed ATP- 
driven, NaAtml-dependent uptake of oxidized 
glutathione (GSSG) into . col membrane vesi- 
cles (Fig. 2A). The ability of NaAtm! to transport 
GSSG distinguishes it from the E cali CyDC 
ABC transporter that is selective for reduced glu 
tathione (32) 


Fig. 2. In vitro and in vivo 
assays of NaAtm1 function. 
(A) Amount of GSSG transported 
per milligram of protein accu- 
mulated inside vesicles prepared 
‘rom E. coli membranes over- 
expressing wildtype NaAtm1 
or the E5230 (Glu*? -- Gin) 
Walker B motif ATPase-defective 
mutant. (B) Optical density of 
cells after 12 hours of growth 


‘The greatest stimulation of ATP hydrolysis 
by NaAtm| was observed for the Ag and Hg, 
complexes of GSH (Table 1). In view of the 
toxicity of these metals at low intracellular con- 
centrations, we tested the in vivo relevance of 
the ATPase results by means of metal suscep- 
tibility assays (30, 32). Consistent with a role 
for NaAtml in exporting Ag-GSH and/or Hg. 
GSH, expression of NaAtml in metal-sensitive 
E.coli strains conferred protection against other- 
‘wise toxic concentrations of Ag’ and Hg” (Fig. 2, 
Band C). Taken together, these results suggest that 
NaAiml mediates resistance to heavy metal tox- 
icity, likely through export of metallated GSH 
complexes, although other functional properties 
probably remain to be identified. 

As illustrated with GSSG, the major bind- 
ing site is located ~§ A into the transmembrane 
region, dominated by interactions from helices 
‘TMS and TM6 and accessible from the cyto- 
plasmic side (Fig, 3, A and B, and fig, $6). This 
location is ~15 A closer to the cytoplasmic sur- 
face than the ligand-binding sites in the mouse 
P-glycoprotein structure (23, 33), but the ma- 
jority of those interactions also involve TMS 


and TM6 as well as the dimeric equivalent 
‘TMII-12. Key interactions are formed between 
the free amino and carboxyl groups of GSSG 
and the protein. The a-carboxyl group of the 
+-Glu forms hydrogen bonds with the amide 
NHS of Gly""” and Met” in TMG and withthe 
side chain of Gln" (TMS), while the c-amino 
‘group of Glu interacts with the peptide carbonyl 
of Asp'"® (TM6) and the side chains of Asn”? 
‘and Gin?” (TMS), At the other end of the ghi- 
tuthione tripeptide, the w-arboxylate of the Gly 
forms a hydrogen bond to the side chain of Tyr! 

(TM3) on the opposing subunit from the one 
interacting with the 7-Glu residue of GSH (fig. 
87), The residues on TM3 and TMG interacting 
‘with GSSG are positioned near helical imegu- 
lasts, including a stretch of 39 helix between 
residues 314 and 317 following a kink at the 
conserved Pro in TM6, and a x helix between 
residues 158 and 162.in TM3; these may represent 
regions that undergo conformational changes dur- 
ing the transport cycle (34), The nonpolar contacts 
‘between the protcin and ligand are primarily 
formed by the side chains of the broadly con- 
served residues Leu” and Leu packing against 


Table 1. Kinetic constants for the ATPase activity of selected substrates derived from a Michaelis- 
‘Menten type analysis. The measured ATPase activity is fit tothe equation viEl: = kalSVKy + (5) + kas 
where v is the measured ATPase activity, [Eh isthe total concentration of NaAtmi, [5] is the substrate 
concentration, and fia isthe basal rate of ATPase activity, which is measured to be 88 + 0.8 min * in 


L mM ATP, 
Substrate Kaley (in mi) Key (ott) eat rnin 
Ag GSH" 2400 ‘0.012 = 0.001 2921 
S-Hg GSH" 200 0.12 + 0.04 aed 
‘S-Dinitrabenzene GSH 120 0.21 + 0.05 2622 
S-Hexyl GSH 100 0.40 + 0.12 4024 
S-Bimane GSH 47 12+02 5624 
ssc 29 0.97 = 0.12 2B+1 
GsH 38 we1 5722 
Glycine 28 3 ane4 
yGlu-cys 26 1022 2642 
Ophthalmic acid 7 3655 6226 
Gys-Gly 0.13 46 + 35, 62432 
Sodium acetate 0.13 w+21 13412 


Rn reported as per mole of Ag” Bai 


pevisinatent 0 


or} 


in the presence ofthe indicated 
AgNO; concentrations. E.coli 


“nea 


aeato 


strain GG44 (Cu*/Ag* sensitive) was transformed with either an empty pET5 plasmid or a pET15 plasmid encoding NaAtm2. (C) Optical density of 
‘ells after 12 hours of growth in the presence of the indicated HgClz concentrations. E.coli strain GG48 (Zn**/Cd?*/Hg** sensitive) was transformed 
a in (B). Error bars represent SD of three independent measurements, 
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the Gly end of GSSG, snd by the more variable 
side chains of Met"? and Met™° interacting 
near the disulfide of GSSG (fg. $8). 

‘A second, lower occupancy, binding site for 
GSSG is positioned ~5 A from the primary site 
toward the cytoplasmic surface. The relative po- 
sitions ofthe two GSSG sites are suggestive of 
Potential binding mode fora [2Fe:2S(GS ), com- 
plex (35), although the actual physiological rele- 
‘vance of this site is not known. The binding site 
involves conserved arginine residues 206 and 
323, along with the more variable Arg”"” (Figs. 
IB and 3B), Residue Theis the counterpart of 
residue Glu" in human ABCB7 that is mutated 
to Lye in X-linked sideroblastic anemia (7). Two 
aaditional pairs of Arg residues are positioned 
in the translocation pathway toward the peri 
plasmic side {the conserved Arg” and the more 
‘variable Arg" (fig. $9)] that perhaps represent a 
transient binding site for ligands in the outward- 
facing conformation. 


et 


Fig. 3. 


‘The fimnetional importance of these interac- 
tions was assessed by evaluating the consequences 
of site-directed mutagenesis and substrate vari- 
ation on the ATPase activity, Residues Asx“, 
Gin’, and Gly" that form hydrogen bonds to 
the c-amino and carboxylate groups of the 7-Glu 
ae highly conserved, and substitution of these 
residues alters the ATPase activity (Fig. 3, C 
and D), Although mutations of these residues 
(Asi Ala, Gin? — Ala, Gly" — Leu) ne 
sult in varying degrees of ATPase activity, they 
all effectively minimize GSH stimulation, The 
Asn” — Ala substitution both enhances the 
basal ATPase activity and eliminates GSH sen- 
sitivity, whereas incorporation ofa bulky residue 
at position 319 (Gly — Leu) or Gin”? — Ala 
mutation substantially reduces both the GSH 
sensitivity and the basal ATPase activity. The 
minimal ATPase activity of the Gin?” — Ala 
variant, together with the ability of the free 
amino acids Gly and Met to stimulate ATPase 


ro substrate 
tom ash 


o 
wiype NasOA GHIOL GHA Vie Veer 


inding sites of glutathione derivatives to NaAtm1. (A) The primary binding site of 


SSG, with the substrate and interacting side chains depicted as bonds and the polypeptide 
backbone in ribbons. The substrate carbons are colored light gray; the protein side-chain carbons 
are green. Hydrogen bonds between the protein and ligands are represented by yellow dashes. (B) The 
secondary binding site for G5SG. (C) Interactions between the y-Glu of GSH and surrounding residues of 
‘NaRtm1. The carbon atoms of GSH ate shaded light gray; green carbons denote side chains directly 
interacting with GSH, and blue carbons indicate side chains interacting with (green) residues interacting 
with GSH. (D) ATPase activity (k.) of selected mutations in the ligand-binding site; rate constants in 
the absence of substrate and in the presence of 10 mM GSH are shown. Error bars represent SD of three 
independent measurements. Amino acid abbreviations: A, Ala; F, Phe; G, Gly; L, Leu; M, Met; N, Asn; Q, 


Gin; R, Arg; , The; ¥, Tyr. 
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activity as effectively as GSH, suguests thatthe 
binding of ligands with c-amino and carboxyl 
‘groups to the Gln” site in TMS can trigger the 
conformational changes associated with ATP 
hydrolysis (Fig. 3C and fig. $10). As a potential 
coupling mechanism, Gln” is adjacent to the 
side chain of Tyr!® in TM that forms a hydrogen 
‘bond with the backbone carbonyl of Leu" in 
‘TM6, thereby linking TM4 and TMS to TM6 
and the following NBD. Substitution of these 
residues vields interesting phenotypes (Fig. 3D), 
the Tyr! — Phe variant exhibits substrate- 
insensitive ATPase hyperactivity, which suggests 
that the native Tye" contact to TM6 may sta- 
bilize the inward-facing conformation, Converse- 
ly, because the Gln”? —+ Ala variant is essentially 
ATPase-inacive, interactions of this residue with 
the binding of an amino acid motif may be re- 
‘quired to unlock the protein ffom the cytoplasm- 
facing conformation (Fig. 3C). The double mutant 
Tyr" — PholGln’”? — Ala, however, has a high 
basal ATPase activity without GSH stimulation, 
indicating that when neither residue can potentially 
interact with TM6, the transporter can facilely 
‘undergo the conformational changes associated 
swith ATPase activity 

The interconversion between inward- and 
‘outward-ficing conformations of ABC exporters 
coupled to ATP hydrolysis is generally deseribed 
‘within the framework of the altemating access 
transport mechanism (36). However, an analysis, 
‘of MsbA structures solved in multiple conforma- 
tional states emphasized that this interconver- 
sion cannot be described in terms of rigid body 
movements of subunits, but rather reamange- 
ments that occur atthe interfaces between certain 
‘TM baclices (27). More specifically, the altemat- 
ing conformations of ABC exporters may be 
distinguished by the separation of either TMI 
and TM2 (outward) or TM4 and TMS (inward) 
fiom the remaining four TM helices within the 
same subunit (22, 27). Examination ofthe avil- 
able structures of ABC exporters identities four 
clements that are generally conserved structur- 
ally: TMI-2, TM4-S, and TM3&6 (Fig. 4A), 
together with the NBD that is the hallmark of 
this family, These pais of TM helices reflect the 
approximate symmetry in the transmembrane 
domain (TMD) noted in the Sav1866 structure 
22), where TM1-3 and TM4-6 are related by a 
two-fold axis between TM3 and TM6 perpen- 
dicular to the molecular two-fold axis. The con- 
formational changes associated with transport 
involve rearrangements in the relative orienta- 
tions of these conserved elements (Fig. 4B), 
mediated by their interactions with the ligand 
and ultimately coupled to the NBDs through 
intracelfular loop 1 (ICL1) between TMI and 
‘TM2, intracellular loop 2 (ICL2) between TM4 
and TMS, and the covalent connection from 
‘TMG to the NBDs (Fig. 1), ABC exporters can 
bbe considered to have an articulated construc- 
tion; as this work demonstrates, transported 
ligands span these structurally conserved cle- 
ments in the TMD to ereate adaptable interfaces 
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Fig. 4. Structural con- A 
servation and the ar- 
ticulated construction of 
‘ABC exporters. (A) Struc- 
tural conservation of the 
individual TM, THB86, 
and TM4-5 elements in 
the TMDs of ABC exporter 
structures. The NaAtmi, 
structure was used for the 
reference, with the TMA—2, 
and TM4-5 superpositions 
horizontally displaced from 
TWBRS by 20 Ato the left 
and right, respectively The 
6556 ligand in the pri- 
mary binding site is de- 
picted by a space-iling 
model with the carbons 
«colored green. The under- 
lying symmetry in the 
TMD, fist noted in the 
Sav1866 structure (22), relates TM1—3 and TM4—6 by a two-fold rotation axis 
passing between TM3 and TMé and normal to the plane of the page. (B) 
Variations inthe relative orientations of conserved TMD elements observed inthe 
structures of ABC exporters. The TMDs of different exporters were aligned with 
'NaAtm using only TM386 for the superposition; for clarity, only TM3&6 from 
‘NaBtm:, depicted with black ribbons, is shown. Although the individual TM1—2 
and TM4-5 elements are structurally conserved as shown in (A), substantial 
‘changes in their relative positions ae evident between these structures (espe- 


superposition of individual elements 


T™M4-5 


B superposition of TMDs onto TM3&6 


ally TM4-5), reflecting tertiary structure changes associated with the 
transition between inward- and outward-facing conformations. The binding 
site for the GSSG ligand spans between these elements, serving to couple 
Ligand binding to changes in TMD and transporter conformation, The Cx traces 
are colored purple [Sav1866; PDB 2HYD (22)], blue [TM287/288; PDB 30F4 
(24)], black (NaAtma), green [ABCB10, PDB 4AYT (26)], yellow {mouse Pop, 
PDB 3G5U (23}], orange C. elegans Pgp, PDB 4F4C (25)], and red [MsbA, PDB 
385W (27)], ordered from outward- to inward-facing conformations. 
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Crystal Structures of Nucleotide-Free 
and Glutathione-Bound Mitochondrial 
ABC Transporter Atm1 


‘Vasundara Srinivasan,*?* Antonio J. Pierik,*+ Roland Lill**3* 


The yeast mitochondrial ABC transporter Atm1, in concert with glutathione, functions in the export 
of a substrate required for cytosolic-nuclear iron-sulfur protein biogenesis and cellular iron 
regulation. Defects in the human ortholog ABCB7 cause the sideroblastic anemia XLSA/A. Here, 
Wwe report the crystal structures of free and glutathione-bound Atm2 in inward-facing, open 
conformations at 3.06- and 3.38-angstrom resolution, respectively. The glutathione binding site 
includes a residue mutated in XLSAVA and is located close to the inner membrane surface in a large 


cavity. The two nucleotide-free adenosine 5” 


phosphate binding domains do not interact yet 


are kept in close vicinity through tight interaction of the two C-terminal a-helices of the Atma. 
dimer. The resulting protein stabilization may be a common structural feature of all ABC exporters. 


‘tochondria contain several adenosine 
M phosphate (ATP) binding caste 

(ABC) transporters that are crucial for 
frganellar communication with the cytosol and 
nucleus (J-4), These proteins are located in the 
ritochondlral inner membrane with the nucleo- 
tide binding domain (NBD) facing the matrix and 
hhence are thought to funetion as exporters. Yeast 
Aunl, vertebrate ABCBT, and plant Atm3 are 
involved in the biogenesis of cytosolic-nuclear 
iron-sulfur (Fe/S) proteins, including DNA poly- 
erases, primases, and helicases involved in 
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Fig. 1. Crystal structure ofthe mito- 
‘chondrial ABC transporter Atm. 
(9 tustration ofthe nucleotide free Atm 
homodimer (5. cerevisiae, with mono- 
mers colored in green and red and the 
INBDS facing the mitochondrial matrix. 
The approximate positioning of the lipid 
bilayer i indicated by dashed lines. (B) 
The Atm monomer depicted in rainbow 
colors shows the crossover of the TAM4 
and TMS helices to the other monomer 
(not shown), resulting in the formation 
of a V-shaped molecule with a large 
‘cavity, The N and C termini, the NBDs, 
and the coupling helices ICL1 and 1CL2 
that form the transmission interface 
between the transmembrane helices 
and the NBDs are indicated, (C) Elecro- 
static surface potential representation 
of the Atin1 dimer (blue, positive; red, 


‘genome integrity (5-14). The sulfur present in 
cytosolic-nuclear Fe/S proteins is generated from 
cysteine inside mitochondria by the cysteine de- 
sulfurase complex NfsI-IsdI. This complex and 
‘other members of the mitochondrial iron-sulfur 
cluster (ISC) assemibly machinery synthesize an 
unknown, sulfur-containing molecule that is ex- 
ported by Atml and used by the cytosolic Fe/S 
prcin assembly (CIA) system (15, 6). This mol- 
‘cule also signals the iron status to the nucleus 
(17). Upon ISC protein or Atml depletion, cellular 
iton upiake is increased, and mitochondria ac- 
‘curulate up to 30-fold higher iron concentrations 
(5,9, 18, 19) Depletion ofthe sulthydryl oxidase 
Erv1 or the redox molecule glutathione (GSH) 
shows a strikingly similar phenotype to Atml 
deficiency, suggesting that the three components 
‘cooperate in the export process (20-23). In fact, 
Atml-deficient mitochondria show an increased 
content of GSH (/8). Moreover, the adenosine 
triphosphatase (ATPase) activity of Atml isstim- 
ulated by GSH, suggesting that this tripeptide may 
be directly involved in the export process (24). 


Intermembrane B 
‘space 
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Homologs of yeast Atl are found in virtually 
all eukaryotes and some bacteria and usually show 
~50% sequence identity (Hig. SIA). The function 
of the bacterial Atm|-like proteins is unknown, 
‘but they may also participate in the biogenesis 
of ¢ metalsulfur center (25). The human, mouse, 
and plant proteins can replace yeast Atm, un- 
derlining the conserved function of this ABC 
transporter in eukaryotic Fe’S protein biogenesis 
and iron regulation, Mutations in human ABCB7 
cause X-linked sideroblastic anemia and eere- 
bollarataxia (XLSA/A), aniron storage disease 
characterized by diminished eytosolie Fe protein 
function, iron-loaded mitochondria (sideroblasts), 
and defects in heme metabolism (26-29), Recent- 
ly, decreased expression of ABCB7 was claimed 
to play a sole in refractory anemia with ring 
sideroblasts (RARS), a myeloid malignancy that, 
‘can transform to acute leukemia (30, 3) 
Structural information on Atml is essential 
for better understanding of its central function 
in celular iron metabolism, identification of its 
substrate, and elucidation of the transport mech 
anism. To dat, structural information on eukary- 
otic ABC transporters is available only for 
P glycoprotein (P-gp), which s implicated in mul- 
tidrug resistance (MDR), and the mitochondrial 
ABCBIO, which is involved in heme metabolism 
in erythroid cells (32-34); yet, these proteins dif- 
fer from Atml in tise specificity, intracellular 
localization, subunit composition, function, and 
substrate, We solved the three-dimensionalstruc- 
ture of Saccharomyces cerevisiae Atml with 
xray crystallography using the single anomalous 
dispersion (SAD) method (Fig. | and fig. $1B) 
(35). The experimental phases were obtained 
from soaking the native crystals with tantalum 
bromide cluster (Tar) (Lig. $2). Data collec- 
tion and refinement statistics are surnmarized in 
table SI. A stereoview of the (2Fo-Fe) electron 
density map for the complete Atml dimer is 
shown in fig. S3. The final model encompasses 
the complete polypeptide sequence of Atm 


negative; and white, neutraD, The substrate binding cavity located near the hydrophilic surface of the membrane is positively charged. 
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‘except for the first 98, nonessential residues, in- 
‘cluding the mitochondrial presequence (fig, SIA) 
(24), Two nucleotide-free structures were deter- 
mined, one without and one with bound GSH 
to a resolution of 3.06 and 3.38 A, respectively 
(igs. | and 2A), Both structures were captured in 
‘an inward-facing, open conformation that conforms 
to the known eukaryotic ABC exporter fold and 
represents a pretranslocation state. The GSH- 
‘bound and -fce structures were virtually identical, 
‘with an overall rot-mean square deviation (RMSD) 
of 03 A for the complete molecule (fig. $4), 


Atm] assembled as a dimer in the crystal- 
lographic lattice (fig. $5), and the molecules 
were packed in a “head to tail” arrangement. 

‘The ATPase activity of Atm| was almost fully 
recovered aficr detergent solubilization of the 
crystals, suggesting that purification and crys- 
tallization did not affect function (fig. $6). The 
dimer consists of 12 transmembrane (TM) heli 

ces in two bundles of six helices per monomer. 
‘The six TM helices from each monomer do not 
form a single structural unit; rather, the long TM4 
and TMS helices reach out fo the other monomer, 


Fig. 2. Crystal structure of mitochondrial Atm1 in complex with glutathione. (A) GSH represented 
by yellow spheres is well accommodated in the cavity formed by the Atmi dimer. The residues 
corresponding to those mutated in XLSAVA disease are marked as blue spheres. (B) GSH (shown in stick 
representation) mainly interacts by forming hydrogen bonds with residues D398, R284, and R280, 
indicated by black dashed lines. The other residues that line the cavity are N39O, N343, $394, and R397. 
(© Asection of the experimental (2Fo-Fe electron density map contoured at 1c (gray shows Atm1-bound 
GSH (stick representation) in close vicinity to TM4, TMS, and TM6 (orange sticks). Inset) A close-up view of 


the electron density for GSH from the same map, 


Fig. 3. The C-terminal a-helices 
stabilize the Atm1 dimer in the 
‘nward-facing, open conformation. 
(A) The Atm NBDs are presented in 
‘gray, the Walker A loop in blue, and 
the two crossover C-terminal helices 
(table $2) in green and red as an 
illustration (side chains as sticks). The 
terminal helices include five resi- 
dues of the strep-tag used for puri- 
fication (side chains not shown for 


clarity). (B) The C-terminal residues 
£689 to 1690 of one Atm monomer 
green) almost touch the Walker A 
loop (6469 to $471, sticks) of the 
‘other monomer (blue). Residues of 
the strep tag were omitted here. (C) 
Wild-type (W303) or Gall-ATA yeast 
cells were transformed with plasmids 
encoding no protein (-), the modet 
FelS protein Rli2-HA, and wild-type 


(WT) and mutated Atm (asterisk, 


thus forming an intertwined “domain-swapped” 
membrane-integrated arrangement (Fig, 1, A 
‘and B). This configuration creates a V-shaped 
molecule enclosing a 6900 A’, positively charged 
cavity close to the hydrophilic phase of the 
matrix side of the inner membrane (Fig. 1C), 

In several crystals, this cavity contained an 
clectron density that fits best to GSH (Fig. 2), 
The ligand binding region corresponding to 
‘TMA, TMS, and TM6 was well resolved (fig. $7) 
Both purified Atml and the crystals contained 
GSH as verified by means of mass spectrometry, 
biochemical analysis, and equilibrium titration 
[apparent dissociation constant (K) = 23 uM] 
monitored with microscale thermophoresis (figs 
8 and S9A) (36). Verapamil, a molecule trans- 
ported by the multidrug transporter P-gp, did not 
bind to Atm! (fig. S9B). Because both purifica- 
tion and crystallization were performed without 
GSH, the compound must have associated with 
‘Atm| after its synthesis in Escherichia coli, in- 
dicating stable complex formation during puri- 
fication at low temperature, A bacterial homolog 
of Aim! binds GSH in a similar location (37). 
‘The binding site ofthe Atml-bound GSH ligand 
substantially differed from that of hydrophobic 
inhibitors of P-gp (32), despite the similar size 
and shape of the cavities of both transporters 
(fig. $10). These findings are consistent with the 
anticipated entry points of hydrophilic ligands 
such as GSH, as opposed to hydrophobic P-gp 
substrates that are thought to reach the cavity 
fiom the lipid phase (32). Last, GSH docking cal- 
culations with the Atm crystal structure coordi- 
nates supported a high-affinity binding site for 
GSH within the cavity, in close vicinity to the 
GSH binding site observed in the crystal struc- 
ture (fig. SU). 

‘The cavity in the Atml structure is lined with 
mostly charged and polar amino acid residues 
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truncated). Cells were grown for 64 hours in SD medium for depletion of Atma, radiolabeled with *Fe, and analyzed for *Fe/S cluster insertion into Rli2-HA with 
‘mmunoprecpitation and scintillation counting, (Bottom) indicated proteins were visualized by the immunoblotting of cell extracts (pound sign, cross-eacting band). 
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and likely serves as the substrate binding site. 
‘The two TM6 helices bend out of the membrane, 
forming a “kink” at residue S394 before connect- 
ing to the NBD through the linker region, offer- 
ing flexibility to accommodate the GSH ligand 
(Fig, 2B). (Single-letter abbreviations for the 
amino acid residues are as follows: A, Ala; C, 
Cys: D, Asp: E, Glu; F, Phe: G, Gly; H, His; 1, 
Ile; K, Lys; L, Leu; M, Met; N, Asn: P, Pro; Q, 
Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr) GSH fits snugly toa positively charged 
cavity through interaction with residues R280 
and R284 (TM), N343 (TMS), N390, $394, 
R397, and D398 (TM6) (Fig. 2, B and C, and 
fig, $7). All GSH-coordinating residues are con- 
served in Atml-like proteins, including human 
ABCB7 and bacterial homologs (fig. SLA). One 
of these residues (D398) corresponds to human 
433, which is changed to lysine in patients with 
XLSAVA, clearly showing the physiological rel- 
cevance of GSH ligand binding (Fig. 2A) (27) 
Both yeast Atml and human ABCB7 proteins 
carrying this mutation show diminished activ- 
ity in the maturation of cytosolic Fe’S proteins. 
Likely, the site of GSH interaction is part of the 
substrate binding region of Atm1. GSH itself 
cannot be the physiological substrate because 
itis synthesized in the cytosol, What may be the 
identity of the Atml substrate? Cell biological 
data demonstrate that Atm! exports a sulfur- 
containing molecule generated by the core mito- 
chondrial ISC assembly machinery (15, 16).GSH 
may be part of the exported moicty because 
GSH, like Atm1, is essential for both cytosolic~ 
nuclear Fe/S protein biogenesis and cellular iron 
regulation (2/—23), Therefore, in the simplest 
‘view GSH may be converted fo glutathione per- 
sulfide (GSSH) and directly used asa suifir cartier. 
Alternatively, a GSH-coondinated [2Fe-2S] clus- 
ter was reported to be stable in water (38). This 
ora similar compound may be synthesized by 
the mitochondrial ISC system and exported by 
‘Atl. Atm! structures determined from crystals 
soaked or cocrystalized with such compounds 
will help identifying its substrate 

Three of the XLSA/A patient mutations are 
located in the membrane domain either on the 
‘matrix (E208D in long TM2 helix; yeast E173 
(29)] or intermembrane space sides (I400M be- 
tween TMS and TM6, yeast V365 (26); VALIL 
in TM6, yeast V376 (25)] (Fig. 2A and fig. SIA). 
(in the mutants, other amino acids were substi- 
tuted at certain locations; for example, E208D 
indicates that glutamic acid at position 208 was 
replaced by aspartic acid.) All of these amino 
acid exchanges are conservative (fig. SLA), in- 
dicating that even subtle changes in ABCB7 
function may lead to the disease phenotype. 
Conspicuously, V376 in yeast Atm! undergoes 
‘hydrophobic interactions with its counterpart res- 
idue in the other monomer, thus tightly closing 
the transmembrane channel toward the inter- 
membrane space (Fig. 2A and fig, $12), Replace- 
ment of valine by the larger hydrophobic residue 
leucine is pathogenic (28), The mutation likely 


affects the tightness of the transport channel 
‘and/or the mobility of the transmembrane seg- 
ments during the transport process. 

One key feature of both Atm| structures was 
the complete resolution of the C terminus that 
consists of an c-helix 24 amino acid residues 
long (Fig, 3A and fig. SIA). Such a structural 
feature has not been observed previously in any 
‘other ABC transporter crystal structure, although 
these proteins usually contain C-terminal seg- 
ments that potentially could form a-helices. A 
representative electron density map (2Fo-Fe) con- 
toured at Lo for the C-terminal helix reveals an 
unambiguous density in this region (fig. S13). 
‘The helix isin close proximity to its counterpart 
helix from the second monomer, and both helices 
tightly interact in a crossover fashion, with dis- 
tances ranging from 2.65 to 4.0 A (Fig. 3B and 
table $2). The two helices form a connecting 
bridge between the two NBDs, thus locking the 
‘Atml dimer in the inward-facing, open confor- 
mation, Further, the a-helix from one monomer 
is long enough to make extensive contacts to 
residues G469 to S471 of the Walker A motif 
of the other monomer (Fig, 3B). It is evident 
that during the ABC transporter working cycle, 
the two a-helices either have to unlock and slide 
along each other or become more tilted to allow 
the tight interaction of the two NBDs after ATP 
binding, A superposition of the NBD structure 
‘of Atm! with those ofthe known ABC exporters 
(mouse and Caenorhabditis elegans P-gp, bac 
terial multidrug,resistance protein Sav1866, and 
human mitochondrial ABCBIO) clearly reveals 
the unprecedented character of the C-terminal 
‘chelix of Atm! (fig. $14). The short helix seen 
in C. elegans P-gp is present at the end of only 
‘one of the NBDs 

Flexible interactions at the C termini might 
‘be a common feature of many if not all ABC ex- 
porters and may serve to stabilize the protein. 
To test this idea, we truncated the C-terminal 
part of Atml to remove half or all of the helix 
(mutants D676* and L666*, respectively). The 
mutant proteins were expressed from plasmids 
in regulatable Gall_-ATMI yeast cells in which 
the endogenous Atm! can be depleted by growth 
in the presence of glucose (5). Both mutant pro- 
teins rescued the growth defect of Atml-depleted 
cells at 30°C; yet at 37°C, a slightly slower growth 
‘was observed for Atm1-L666* (full deletion of 
ochelix) (fig. $15A). The growth defect was ac- 
companied by substantially diminished protein 
levels of Atm!-L666* and a 50% reduced ac- 
tivity in the biogenesis of a representative cyto- 
solic Fe/S protein Rlil (Fig, 3C) (39). A similar 
diminution in the extent of Fe'S protein assembly 
‘can cause XLSA/A (27). Nevertheless, the in- 
creased iron levels of Atm|-depleted mitochon- 
dria could be normalized by both Atm! mutant 
proteins (fig. S15B), suggesting that the trunca- 
tion mainly affected protein stability rather than 
function. 

(On the basis of the two structures reported, 
here, a model for substrate translocation is pro- 
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posed. The Atm! substrate enters the inward- 
facing, open structure from the matrix side to 
‘bind inthe hydrophilic cavity (fig. $16). Because 
the GSH ligand was bound in the absence of 
ATP, substrate binding may occur before nucleo 
tide binding, The scissor-like interaction of the 
two C-terminal a-helices of the Atm| dimer may 
keep the two NBDs close together before their 
ATP-induced, tight association, stabilizing the 
protein. This effect may be relevant for other 
bacterial and eukaryotic ABC exporters, at least 
under adverse environmental conditions. The 
ATP-driven structural rearrangement leads to an 
‘outward-facing conformation that may be simi- 
lar to a homology model calculated for AtmL 
(ig. S16, right) by using a structure ofthe Sav 1866 
ABC transporter (40). As a result ofthe intimate 
NBD contact, the transmembrane helices rear- 
range and thereby create an exit pathway for sub- 
strate release. The pretranslocation state can be 
‘understood on the basis of the crystal structures, 
yet the complex ATP-driven alterations require 
further studies. Our structures will boost further 
‘mechanistic insights into Atm1-ABCBT function, 
substrate interaction, and pathology. 
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Mechanism of the C5 Stereoinversion 
Reaction in the Biosynthesis of 
Carbapenem Antibiotics 


Wei- 


hen Chang, Yisong Guo,*t Chen Wang,” Susan E. Butch,* Amy C. Rosenzweig,? 


Amie K. Boal,**"* Carsten Krebs,?* J. Martin Bollinger Jr.** 


The bicyclic frlactam/2-pyrrolidine precursor to all carbapenem antibiotics is biosynthesized by 
attachment of a carboxymethylene unit to CS of proline followed by f-lactam ring closure. Carbapenem 
synthase (CarC), an Fell) and 2-(oxo}glutarate (Fe!20G)-dependent oxygenase, then inverts the CS 
configuration, Here we report the structure of CarC in complex with its substrate and biophysical dissection 
of its reaction to reveal the stereoinversion mechanism, An Fe(IV)-ox0 intermediate abstracts the 
hydrogen (Hs) from C5, and tyrosine 165, a residue not visualized in the published structures of CarC 
tacking bound substrate, donates He to the opposite face of the resultant radical. The reaction oxidizes the 
Fell) cofactor to Fe(l), limiting wild-type CarC to one turnover, but substitution of the He-donating 
tyrosine disables stereoinversion and confers to CarC the capacity for catalytic substrate oxidation. 


half of the global antibiotic drug market 
J, 2)-In the past decade, the increased in- 
cidence oF bacterial B-lactam resistance has forced 
increasing reliance on a relatively new subclass 
of these drugs known as carbapenems (Fig. 1A) 
(2,3). Defined by the bicyclic Belactam/pyrroline 
nucleus (1), earbapenems are generally less suscep 
tible than many members of the Peactam class to 
hydrolytic inactivation by B-lactamases. With more 
than 40 naturally occuring members, the carbape- 
nem subclass retains activity against a broad range 
of both Gram positive and Gram-negative bacteria, 
including Spin ococeus epidermidis, Saplntococ- 
‘us aureus, and Pseudomonas aeruginosa (4). An 
understanding of the biosynthetic pathways. to 
these natural carbapenems could enable the engi- 
nncering of new drug variants to combat resistance, 
Which has been emerging at an alaming rte, 
even to this most robust lactam subclass (5). 
After the intial isolation of a carbapenem, 
thienamycin (2), ffom Streptomyces cattleya in 
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1976 (6, the structurally simplest earbapenem, 1, 
‘was isolated from Erwinia carotovora (known 
also as Peetobacterium carotovorum) and other 
species (7). Early biochemical studies identified 
the car gene cluster encoding the enzymatic ap- 
paratus to produce 1 (8, 9), Later studies con- 
firmed that this cluster is conserved in all strains 
that produce carbapenem and is distinct from gene 
clusters specifying penicillin and cephalosporin 
biosynthesis (2). Introduction of the cart, carB, 
and carC genes into Escherichia cali established 
thatthe three encoded enzymes, carbapenam syn= 
thetase (CarA), carboxymethylproline synthase 
(CarB), and earbapenem synthase (CarC), are suf- 
ficient to produce 3,4, and 1 and enabled in vitro 
dissection ofthe biosynthetic sequence (10) (Fig, 
1A). Using malonyl-coenzyme A (CoA) as ¢0- 
substrate, CarB attaches a carboxymethylene unit 
to L-pyroline-S-carboxylate (which may be sup- 
plied in carbapenem-producing microorganisms 
fiom L-proline by the carD gene product) to form 
irans-S-carboxymethyl--protine (11, 12). CarA 
then uses adenosine 5'-trphosphate hydrolysis (to 
adenosine 5-monophosphate and pyrophosphate) 
to drive P-lactam ring closure, generating (35.55)- 
carbapenam, 3 (13)- The stereochemical con 

uration at C5 established by CarB is apposite to 
that in all natural carbapenem antibiotics isolated 
to date (2). Further elaboration of 3 apparently 
requires C5 stereoinversion by CarC, an Fe(I1) 
and 2-(oxo)elutarate (Fe-20G)-dependent oxy- 
genase, which produces (35,5R)-carbapenam, 4, 
as is initial product (/0) It has been concluded 


that only after inversion of CS can CarC then de- 
saturate across the C2-C3 bond to prosiuce (52)- 
cearbapenem, 1 (/4). The R configuration at C5 
‘and the C2=C3 double bond of 1 are both erucial 
for optimal antibiotic activity (15, 16). To our 
mowledge, no CarB ortholog has yet been shown 
to produce the cis-5-carboxymethyl--protine, 
‘with C3 in the configuration found in the drug 
compounds (2, 17-19). Moreover, although it has 
‘been suggested that C5 epimerases structurally 
‘and mechanistically unrelated to CarC might be 
‘operant in other carbapenem biosynthetic path- 
ways [eg., to thienamycin (17, 20)], none has 
been identified to date. An understanding of the 
siructure and function of CarC is thus central to 
efforts to bioengineer new carbapenems. 
Mononuclear non-heme-iron oxidases and oxy- 
‘genases, including those in the Fe20G subclass, 
generally effect oxidation of their primary sub- 
strates (2/), In the most well-understood cases, 
addition of Oto the Fo(I}) cofactor and delivery 
of two electrons from a cosubstrate generates an 
Fo(IV}oxo (ferryl) intermediate, which either ab- 
stracts a hydrogen atom (H+) from an aliphatic 
cearbon of the substrate or adds as an electrophile 
toa double bond (22). In cases of He abstraction, 
‘am iron ligand then transfers as radical to the sub 
strate radical, completing the oxidative substitution 
‘of hydrogen by a heteroatom (0, CVBr, or S; Fig, 
1B, reaction i), This step regenerates the Ff) form 
of the cofactor for subsequent tumavers (21-24). 
By contrast to these oxidative substitution re- 
actions, the CarC stereoinversion reaction is 
redox neutral with respect to its primary sub- 
strate, 3. This outcome has been rationalized 
‘by mechanisms invoking H- abstraction from C5 
by the canonical ferry species and subsequent 
transfer of a different H- to the opposite face 
of the substrate radical (Fig. 1B, reaction ii) by, 
presumably, an amino acid donor (X-H in Fig, 
1B) (25). Computational analyses have supported 
such a mechanism and involvement of a dedi- 
cated H+ donor (26). A fluorescence-hased in vivo 
assay for carbapenem production was coupled 
‘with amino acid mutagenesis to obtain data sug 
gesting that tyrosine (Y) 67, visualized near the 
bound N-acetyl-L-proline intended to mimic the 
substrate in one of two published x-ray crystal 
sinuctures of CarC, is the H+ donor (27, 28). The 
most recent of these studies used this structure for 
molecular-docking analysis that identified a 
hypothetical substrate-binding mode with CS 
in sufficient proximity to Y67 for He transfer 
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(28), However, because multiple segments ofthe 
‘protein are disordered in this structure, its use asa 
starting point for such an analysis is inherently 
speculative, Published mechanisms have further 
suggested that, after inverting CS, CarC then either 
uses the two oxidizing equivalents still present in 
the active site (Fig. 1A, pathway ii) or, following 
their reduction, undergoes a second round of O 
activation and ferryl formation (pathway i, to 
effect C2-C3 desaturation (25), As depicted, this 
second reaction is a mechanistically distinct two- 
lectron oxidation requiring removal of an He 
‘equivalent from each of two adjacent carbon 
atoms (Fig. 1B, reaction it) (28, 29) 

Studies on other Fe20G oxygenases and re- 
lated oxidative enzymes have established that the 
‘rucal tenets of the proposed Car sterooinversion 
mechanism, including H- abstraction by a ferryl 
intermediate and formation of a tyrosyl radical, 
could be definitively tested by rapid-kinetic and 
spectroscopic analysis of the reaction (22, 30, 31) 
In addition, the structure of the enzyme with its 
‘authentic substrate, 3, would be expected to reveal 
proximity of C5 to the iron cofactor and the He 
‘donor, as intentionally enforced for the case of Y67 
inthe recent computational study (28). Instability of 
the substrate (7, 28, 32) and enzyme (28, 33) have 
repeatedly been cited as barriers to such direct, 
in vitro mechanistic and structural analysis. To 
obtain the enzyme, we expressed N-terminally 
His, -affinity-tagged Pectobacterium carotovorum 
CarC in E. coli at 16°C and purified it on Ni(Il)- 
nitrilo-tris-acetate agarose affinity resin, obtain- 
ing ~30 mg of >90% pure protein per gram of wet 
cell mass (fig, $1) To obtain the substrate, we made 
use of the observation by muliple investigators that 
carboxylate-esterified analogs of 3 are sufficient- 
ly stable to be isolated (32, 34, 35), We prepared. 
the methyl ester of 3 (7) and its [5-H}Iabeled 


rmalony/-CoA 


iC 


isolopolog (54-7) by a hybrid of two published 
syntheses (fig. S2A and supplementary methods) 
and then rapidly, enzymatically hydrolyzed the 
esters to 3 and $3 just before camying out in vitro 
experiments (fig. S2B and supplementary meth- 
cds). Following this deprotection, we found 3 to 
havea half-life of ~14 hours at 25°C and pH 7.5, 
{in 100 mM Tris-chloride). 

By this method of in situ deprotection, we 
‘overcame the long-standing barrier posed by the 
substrate’s instability to determine both the struc~ 
ture of the CarC+Fe(I1}-20G-3 quatemary com- 
plex and the mechanism of C5 stereoinversion. 
To enable structural characterization, crystals of 
the CarC+Fe(I}-20G temary complex obtained 
afier a ~24-hour incubation in the absence of O 
‘were soaked in freshly prepared anoxic solutions 
of 3 to form the quatemary complex, and the 
crystals were fruzen before 3 could decompose 
{after 2 hours; sce supplementary methods). The 
structure, solved ata resolution of 2.1 A by x-ray 
<iffraction experiments (table SI and fig. $3), re- 
‘vals three Car molecules in the asymmetric unit 
(ASU), Significant electron density for carbapenam 
3s readily visualized in the active site of two of 
the three monomers (Fig. 2A and fig, S4), but a 
crystal lattice contact that distorts the structure 
of the active site prevents proper substrate bind- 
ing in the third molecule of the ASU (fig. 85). 
‘The bridgehead C5 of 3 resides 4.4 A from the 
iron site with its hydrogen directed toward the Fe 
cofactor in appropriate geometry for its abstrac- 
tion by the ferry! intermediate (Fig. 2B and fig. 
$6). This binding orientation is unequivocally 
established by the shape of the electron density 
‘and the positioning of hydrogen-bonding resi- 
‘dues to interact with the carboxylate and carbonyl 
‘groups of 3. The presence of the actual substrate 
[father than the N-acetyl-L-profine bound in one 
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of two published structures of Car (36)] yields 
clear electron density fortwo previously disordered 
loops surrounding the active site (fig, $4), allow- 
ing their structures to be modeled in two of the 
three molecules in the ASU, Residues 67 to 78 
(oop 1) and 162 to 172 (loop 2) close over the 
active site, thereby isolating the substrate from 
‘bulk solvent. Such protection would seem to be 
critical for control ofthe free-radical reaction(s) 
mediated by CarC, a conclusion that is consistent 
‘with the results of recent mutational-saturation 
studies that showed that substitutions of bulky or 
aromatic residues in the active site are incom- 
patible with activity (2). In loop 1, Y67 and Y78 
adopt new positions to participate with arginine 
(R) 267 and ghutamine (Q) 269 in an extended 
hydrogen-bonding network that anchors the 
carboxylate of 3 in the binding pocket. Y164 in 
loop 2 also interacts directly withthe carboxylate. 
‘The most mechanistically important change rla- 
tive to published structure is the ordering of loop 
2 to postion Y165 directly above CS, opposite the 
iron center, with its hydroxyl group 4,8 A fiom the 
substrate CS atom (Fig. 2B). In this postion, Y165, 
is ideally poised to danate He to the CS radical to 
‘generate the (35,52) epimer, 4. By contrast, Y67, 
the residue suggested in previous work to be the 
H+ donor (27, 28), is positioned toward the edge 
of the substrate, inappropriately to serve in this 
capacity (Fig. 2 and figs. $4 and $5). 

‘The structure ofthe CarC+Fe(I}20G3 complex. 
is consistent with key features of the published 
mechanisms, including abstraction of He from 
CS of 3 by the ferry! intermediate and transier 
‘of Hs to the apposite side of the C5 radical by a 
tyrosine, but it implies that Y165, a residue not 
visualized in any of the published structures and 
therefore never invoked in the mechanisms, isthe 
dedicated H+ donor (Fig, 2C). To test these clear 
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Fig. 1. Carbapenem biosynthesis, the role of CarC, and the relation- 
ship of the CarC reactions to those of other Fe/20G oxygenases. 
(A) The proposed carbapenem biosynthetic pathway. (B) Divergence of the 


(i) radical-group transfer, (i) stereoinversion, and (Gif) desaturation out- 
comes known or thought to be mediated by Fe/20G oxygenases, includ 
ing Car 
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functional implications, we dissected the mech- 
‘anism by quantification of the reaction products 
{at completion and with time) and by rapid-kinetic 
and spectroscopic experiments on both wild-type 
and YF (phenylalanine) variant CarC proteins 
with both 3 and $3 substrates. All results are 
consistent with the chemical mechanism in Fig, 2C 
and the kinetic elaboration of this mechanism in 
fig. $7. Crucial features revealed by the analysis 
‘are thatthe stereoinversion reaction is, in the ab- 
sence of a reductant, stoichiometic (Fig. 1A, path- 
‘way i) rather than catalytic (pathway ii) as a result 
‘of oxidation ofthe Fe(I) cofactor to a stable Fe(II) 
form, and that only one-third ofthe enzyme's Fe(I) 
sites react, ether because its quatemary stricture 
(the trimeric ASU and overall hexamer seen in the 
crystal structure) enforces a “one-third-of-ites eac- 
tivity” or because the previously noted instability 
‘of the protein resulted in an inactive fraction, These 
features are most obvious from the production of a 
‘maximum of 0.32 equivalent of the suecinate co- 
‘product in the presence of excess 3, 20G, and O> 
(ig. $8, A and B), The action of only one-third of 
the Fe(l) sites is also reflected in the accumulation 


of substoichiometric quantities ofthe intermediate 
sates b and e (fig. 87). 

‘The intermediacy of a high-spin ferry com- 
plex (Fig. 2C, sate b, which may be general to all 
Fo!20G oxygenases (22), is implied by Méssbaner 
spectra of a sample prepared by mixing the 
CarC+Fe(I1}-20G+3 complex at 5°C with excess 
Op and frveze-quenching after 0.15 s (Fig. 3B 
sand fig. $9). The spectrum at 4.2 K in an applied 
magnetic field of 53 mT (hash marks) exhibits a 
new feature at ~1 mins that is not present in the 
spectrum ofthe reactant complex (Fig. 3A). This 
feature is the high-energy line of a quadrupole 
doublet with isomer shift () of 028 mms and 
‘quadrupole spiting (AZ) of 0.87 mm/s (Fig. 3B, 
solid line, and fig. $9), parameters very similar 
to those of high-spin ( = 2) ferryl complexes 
detected in other Fe/20G oxygenases (37-41), 
Spectra collected in an 8-T applied field (fig 
$10) confirm that the Fe(TV) complex has @high- 
spin ground state. The features of the complex 
account for 24% of the total intensity, equating to 
(0.24 equivalent relative to CarC+Fe( Il), As noted, 
the modest accumulation reflects the reaction of 


only one-third ofthe Fe(II) sites. The ferry com- 
plex is, as expected, transient, decaying to <0.03, 
‘equivalent by a reaction time of 3 s (Fig. 3C and 
fig, $7). Its decay is accompanied by formation 
of high-spin (§ = 5/2) Fe(lll) species (Fig, 3C, 
arrows, and fig. $10), consistent with formation 
of slates e and d in Fig. 2C. Conversion of the 
ferry! complex to accumulating Fe(II) species, 
‘which is also reflected in absorption and electron 
‘paramagnetic resonance (EPR) spectra discussed 
below, contrasts with events in the catalytic oxi- 
dation reactions of other well-studied Fe/20G 
‘oxygenases, in which the feryl complexes decay 
back to Fe(ll) species (37, 39, 41, 42), As noted, 
this difference reflects the nonoxidative and stoi- 
chiometric nature of the stereoinversion reaction, 

Stopped-flow absorption experiments ini- 
tiated by mixing CarC+Fe({I)+20G-3 with excess 
(0; confirm that decay of the ferry complex be- 
tween 0.15 and 3 s is associated with accumula- 
tion of a tyrosyl radical (Fig. 2C, state e). A sharp 
absorption feature at 410 nm and broader peak 
at 390 nm, unmistakable hallmarks of a tyrosyl 
radical (Y*), reach their maximum intensity at a 


Fy 
succinate, 


om COz.H20 
Fig. 2. Structure of the active site in the CarC+Fe(ll)»20G+3 complex 
and the mechanism of stereoinversion indicated by the structure and 
biophysical results presented in this study. (A) 2F, — F. (gray mesh, 
1.2o) and F, —F- omit (blue mesh, 2.60) electron density maps for 3 (carbon 
atoms showin in yellow). Dashed lines illustrate hydrogen-bonding interactions 
involving the substrate or bonds between the Fell) cofactor and its ligands. 
(B) Surface representation of the substrate-binding pocket showing the 
locations of nearby aromatic amino acids including Y165, the H+ donor. 


° 


Black lines indicate the distances between C5 of 3 and the Fe(l) or the 
hydroxyl substituent on Y265. Selected amino acid side chains, 206, and 
substrate 3 are shown in stick format. The Fe(l) fon and water molecules are 
shown as green and red spheres, respectively. (C) Mechanism of the CarC- 
mediated, stoichiometric stereoinversion of 3 to 4, involving abstraction of 
He from CS by a ferryl complex and He donation by 165. Abbreviations for 
the amino acid residues ate as follows: D, Asp; H, His; L, Leu; Q, Gln; R, Arg; 
W, Trp; and ¥, Tyr. 
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reaction time of ~3 s and then decay slowly Fig. 4, 
A.and B). The kinetics of formation and decay 
ofthe ¥+ (Fig 4B, rd trace) deduced by the height 
of the 410-um peak (Fig, 4A, orange markings), 
‘are simulated well according to the kinetic mach. 
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Fig. 3. Méssbauer spectra at 4.2 K and 53 mT 
‘demonstrating accumulation of an Fe(IV) inter- 
mediate (Fig. 2C, state b) and Feilll) species 
(states cand d) in the CarC reaction. (A) Spectrum 
of the Op-free CarCeFe(ll+20Ge3 reactant solution. 
(B and C) Spectra of samples freeze-quenched 0.15 
and 3 5, respectively, after initiating the reaction by 
mixing with 0. The solid trace isthe simulated spec- 
‘rum of the high-spin FeV) (presumptively ferry) 
species, and the arrows mark the features of the 
high-spin Fe(l) species. Note the diferent x scales, 
{for the specra: the top scale applies to (A) and (B) 
and the bottom scale to (C), The dotted tines indicate 
the relationship of the two scales. Reaction condi- 
tions are provided in the supplementary methods. 


anism in fig, $7 (compare red data and black sim- 
ulation traces). The absorption in the ultraviolet 
region ofthe spectrum remaining aftr decay ofthe 
Ys (Fig. 4A, cyan trace) reflects the conversion of 
the Fe(Il) cofactor to Fe({ID) in the stoichiometric 
stereoinversion, as also revealed by the Méssbauer 
spectra, The enzyme reacts with O» much less rap~ 
idly and no ¥+ accumulates, in analogous reactions 
lacking 3 in the protcin reactant solution (Fi 4B, 
‘compare rod and orange trices). This activating ef 
fect ofthe substrate, which we have termed “sub- 
strate triggering,” is common to the Fe!20G 
coxygenases (22, 39) 

EPR spocta at 10 K of samples fiveze-quenched 
at reaction times of 05, 30, and 30 s (Fig. 4C) 
exhibit a signal at = 2.0 suggestive of an organic 
radical. The signal develops and decays with the 
same kinetics (fig. $7, red circles) as the absomp- 
tion features ffom the Ye (black trace). Inthe 3.08 
spectrum, the intensity of the signal reflects the 
accumulation of 0.25 equivalent of a radical, sim- 
ilarto the maximum quantity ofthe ferry complex. 
‘The g-value and kinetic behavior associate it with 
the ¥+, but the signal is atypical ofa magnetically 
isolated ¥. Ithas broad features well outside the 
‘envelope of a typical Y* spectrum and does nat ob- 
‘viously exhibit the characteristic hyperfine couplings 
‘with the hydrogens on the B-carbon and phenol 
ring, The unusual lineshape results from magnet- 
icinteracton ofthe Y* with the nearby high-spin Fe 
(species in state ¢, as explained below. 

‘These 10-K EPR spectra have addtional reso- 
naances at g = 428 and 6.95 (fig. SII). The g = 
4.28 signal develops slowly and is then stable, 
and we attribute it to the stable Fe(II) cofactor 
form(s) in state d of the productive reaction 
(Fig. 2C and fig. $7) and pethaps also generated 
by slow oxidation ofthe Fe(I}) in the two-thirds 
of the enzyme that fils to react productively 
‘The g = 6.95 signal is transient and develops and 
decays along with the Y* (fig. SILA). It arises 
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fom the ground Kramers doublet of high-spin 
(S=52) Fe(Ml) center with a positive axial zero- 
ficld-spliting parameter (D> 0) and a rhombicity, 
(EDD) of 0.05. Its characteristics associate it 
with the Fe(II) ste present along with the Y> in 
state e (Fig. 2C). Evidence forthe expected inter- 
action between the two paramagnetic species is 
provided by the temperature dependencies of the 
= 695 and g=20 signals. With increasing tem- 
perature from 10 to 100 K, the g~ 6.95 signal of 
the Foil) ion becomes markedly less intense 
(ig. SIIB), It broadens almost into the baseline 
atthe higher temperatures as a result of more rapid 
spin-elaxation. Because the two species interact 
magnetically, the faster relaxation of the Fe(ID) 
center acts the ¢~2.0 signal ofthe V*. At 100 K, 
the Ye signal is sharper than at 10 K and clearly 
ceshibits the characteristic hyperfine interactions 
‘ith the P-and ring hydrogens (Fig 4C, gray trace, 
and fig. $12), The faster spin-relaxation of the 
Fe(Ill species atthe higher temperature effec- 
tively decouples the spins ofthe two paramagnetic 
centers on the EPR time scale. The failure of the 
magnetic interaction with the Y to perturb the 
Misshaucr pects ofthe Fol) center is explained 
in the supplementary materials (ig. $13). 

The results of stopped-flow experiments using 
5.3 in place of 3 verify that conversion of b to 
«involves cleavage ofthe C5-H bond. The features 
‘of the Y* develop more slowly and to a much lesser 
‘extent with the deuterated substrate (Fig. 4B and 
fig. $7, compare blue and red traces) That the ¥* 
forms more slowly reflects the deuterium kinetic 
isotope effect on abstmction of the C5 hydrogen 
and implies that Y* formation follows cleavage of 
this bond, That much less Y* accumulates implies 
that the He-abstracting ferryl complex can decay 
by atleast one additonal, unproductive pathway 
(the downward branch fiom b to ? in fig. $7), 
‘which contributes to a minor extent in the re- 
action with 3 but becomes predominant when the 
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Fig. 4. Kinetic and spectroscopic evidence for state « (Fig. 20), con- 
taining ¥165¢, Fell), and 4, in the CarC reaction. (A) Change in absorb- 
ance at the indicated reaction times after mixing the CarCeFe(l}*20G3 
‘complex with O>. The spectra shown were obtained by subtracting the spec- 
‘rum at ms from the spectra at the indicated reaction times. (B) Kinetics of 
Ys formation and decay, as reported by the height of the sharp peak at 410 nm, 
in the reactions of wild-type CarC (red), and the Y67F (black), YI64F (yellow), 
YA65F (green), and Y192F (cyan) variants under the same conditions as in (A). 
The orange trace isa contro reaction ofthe wild-type enzyme from which 3 was 
‘omitted from the protein syringe. The dark blue trace is from the reaction ofthe 
wild-type enzyme in the presence ofthe 5-4-3 substrate. Each trace in (B) is the 
average of three trials constructed as indicated by the orange lines, bracket, and 


arrow in (A) 5 Ayyg— goa +Anr0!2 Wao opty): (C) X-band EPR spectra ofthe 
Ye in reaction samples freeze-quenched at the indicated times. The 100-K 
spectrum of the 3-5 sample (gray trace) has been scaled by 0.5 for clarity, Mea 
surement conditions: microwave frequency, 9.4 GHz, microwave power, 2 W for 
110-K spectra and 20 iW for 100- spectrum; modulation amplitude, 1 mT for 
110-K spectra and 0.2 mi for 100-K spectrum; modulation frequency, 100 kHz, 
{D) Chemical-quench, LCMS analysis of the stereoinvesion of 3 to 4. Negative- 
‘mode, singl-ion chromatograms at m/2 = 172 for acid hydrolysis ofthe 3 synthetic 
standard (3-12, red trace) and the 35:1 43 synthetic standard (4-13, blue trace) 
and for Car reactions acid-quenched at the indicated times. Reaction condition for 
the four experiments the procedures used to synthesize the standards, and details of 
the LGMS analysis ae provided in the supplementary methods 


www.sciencemag.org SCIENCE VOL 343 7 MARCH 2014 


1143 


‘| REP 


1144 


-ORTS 


intermediate is challenged by the heavier hydrogen 
isotope in 5-d-3. The “uncoupling” of O; activation 
fom He abstraction upon substrate denteration has 
been seon in other Fe/20G oxygenases (30, 42, 43) 

‘Accounting for the unproductive pathway(s) per- 
‘mits the kinetics of formation and decay of the Y* 
in the reaction with 5-4-3 (fg. $7, bie trace) to be 
simulated accurately (gray trace) 

‘The results of chemical-quench kinetic experi- 
‘ments confirm that C5 stereoinversion also oc- 
cours in the conversion of b to €. Acid hydrolysis 
of 3 yields. trans-5-carboxymethyl--protine, 
12, whereas hydrolysis of 4 yields the cis diaster- 
comer, 13 (fig. SI4A). Liquid chromatography— 
‘mass spectrometry (LC-MS) analysis of these 
hydrolysis products (fig. SI4B, red and blue 
traces), along with samples of 5-carboxymethyl- 
L-protine enriched by synthetic methods in either 
12 (purple trace) oF 13 (green trace), reveals that 
the two ring-opened compounds can be resolved. 
sufficiently well by hydrophilic interaction chro- 
matography (see supplementary methods) to en- 
able the conversion of 3 to 4 in the CarC reaction 
to be monitored. LC-MS analysis of a sample of 
the CarC+Fe(lI}20G3 complex [prepared with 
‘nominally 5 molar equivalents of CarC+Fe(ll) rela- 
tive to 3] denatured in formic acid without prior 
exposure to O, reveals a single sharp peak at 
massicharge ratio (n=) = 172.0 (Fig 4D, black 
trace) coctuting at 7.8 min withthe acid-hydrotyzod, 
substrate (red trace). As expected, no peak (or 
shoulder) is seen at 8.0 min, when the cis product 
from hydrolysis of 4 elutes (dark blue trace). The 
chromatogram for a sample quenched in formic 
acid 3 safer the CarC+Fe(II}20Ge3 complex was 
mixed with excess Os (cyan trace) reveals a dim- 
inution in the peak at 78-min elution time cor 
responding to 12 (trans) and development of the 
‘broad peak at 8.0 min corresponding to 13 (cs), 
signifying conversion of 3 to 4. The comespond- 
ing chromatogram from a sample acid-quenched 
after reacting for just 0.15 s (when state b pre- 
dominates) has only a small shoulder for 13 (ight 
geen trace), and the trace from the 10s sample 
reveals little additional conversion occurring after 
3 5, the time at which state € accurmulates maxi- 
‘mally. The results confirm that state b has 3 bound. 
to the enzyme whereas state € has 4 bound, 

‘The clear implication of the CarC+Fe(lI}20G-3 
structure—that Y165 is the H+ donor and primary 
site of the Y+—is confirmed by the results of 
stopped-flow experiments on four variants of 
(Car each having one of the four Y residues in 
the halo of aromatic residues that encircles the 
substrate (Fig. 2B) replaced by phenylalanine, 
‘which is incompetent for H+ donation, The Y67F, 
‘YIO4E, and Y191F variants all form the sharp 
410-nm peak of the Y+ upon reaction of their 
cenzyme+Fe(ll-20G3 complexes with O> (Fig. 4B, 
black, yellow, and cyan traces, respectively). The 
amplitudes and kinetics are perturbed to varying 
extents by the substitutions, consistent with aux- 
iliary roles for these Y residues (eg. in binding the 
substrate, in ensuring the proper conformation of 
the H+donating Y, or in stabilizing the Y+). By 


contrast, no 410-nm signal develops in the reaction 
of the YI6SF variant of CarC (dark green trace), 
nd no conversion of 3 to 4 is detected in LC-MS 
analysis ofthe acid-quenched reaction products (as 
in Fig, 4D). These observations confirm that Y16S 
is the H+ donor and primary site of the radical. 

Figure IB implies that H+ donation to C5 di- 
‘rts the CarC reaction from either of two possible 
catalytic oxidation outcomes (reactions i and ii) 
to the stoichiometric, redox-neutral stereoinver- 
sion (reaction ii). Consistent with this idea, the 
Y165F substitution defaults CarC back toa fully 
catalytic oxygenase. By contrast to the mediation 
of only 0.25 to 0.35 tumover by the wild-type 
‘enzyme, the Y16SF variant protein effects mini- 
rally thre tumovers under the same conditions, as, 
seen by quantification of both succinate produced 
(Gigs. SBA, five ear traces, and S8B, red data points) 
and 3 consumed (fig. S8C, five rear traces). If ony 
‘one-third of the Fe(Il) sites react also in the 
‘Y165F variant, as suggested by the modest ampli- 
tude of decay ofthe ~510-nm Fe(I1}20G metal- 
torligand charge-transfer absorption band (23) 
‘upon mixing of the CarC-¥ 165+Fe(I1)-20G-3, 
‘complex with O (fig. $15), then the reactive frac- 
tion performs ~10 tumovers. The omission of the 
prior acid treatment in the LC-MS analysis of fig 
8 leaves 3 and 4 intact, and they are not resolved. 
cchromatographically. Under this analysis, the in- 
tensity ofthe singe peak at m/= = 154 and 1.8-min 
lution time ffom the combination of 3 and 4 is not 
affected by the storeoinversion outcome (fig. SEC, 
‘compare red and blue traces). The almost complete 
diminution of this peak in samples of the CarC- 
"YL65F reaction (fig. S&C, rear traces) thus signifies 
‘consumption of 3 by a reaction other than stoeo- 
inversion. In fig. SSD, we posit that the altered 
‘outcome is hydroxylation of C5 according to the 
classical “oxygen-rebound” mechanism (44), but 
the actual outcome remains to be determined, Re- 
zgardless, the results establish that the H--donating 
"Y165 residue, brought into position by the substrate- 
driven closure of a lid loop, is necessary and suf 
ficient to direct the nonredox, stereoinversion out- 
‘come that distinguishes CarC fiom other Fe‘20G 
‘oxygenases and is required for the biosynthesis of 
all carbupenem antibiotics. 
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Quantifying the impact of heritable epigenetic variation on complex traits is an emerging 
challenge in population genetics. Here, we analyze a population of isogenic Arabidopsis lines 
that segregate experimentally induced DNA methylation changes at hundreds of regions across the 
genome. We demonstrate that several of these differentially methylated regions (DMRs) act as 
bona fide epigenetic quantitative trait loci (QTL), accounting for 60 to 90% of the heritability 
for two complex traits, flowering time and primary root length. These QTL’ are reproducible 
and can be subjected to artificial selection. Many of the experimentally induced DMRs are also 
variable in natural populations of this species and may thus provide an epigenetic basis for 
Darwinian evolution independently of DNA sequence changes. 


cyan of yen m epi 
Me inelved inthe seas of eae 

spol savers (Es) ad genes) 
Dats eetonl cours tres ny 
‘pees G3) ttpeio save bye revel 
‘ese ort in BNA metlton pa 
tems within populations (4-6) Estates inthe 
tod plant redo hong inate that 
triable changes inthe metylation sts of 
elitr of tins, shih could be finefin- 


ally more relevant than individual eytosines (7), 
arise spontaneously at rates similar to that of DNA 
sequence mutations (8, 9). A key challenge in 
population genetics is to show that epigenetic 
Variants exis independently of cis- or transacting 
DNA sequence changes, ar stably transmitod over 
many sexual generations, and are associated with 
heritable phenotypic variation (10). Addressing 
this challenge using natural populations continues 
to pose major technical difficulties 


Toovercome these cifliculties, we established 
in Arabidopsis & population of so-called epige- 
nic recombinant inbred lines (epi) that have 
almost identical DNA sequences but segregate 
many differences in DNA’ methylation (11). To 
derive this population, a plant homozygous for 
the recessive ddm1-2 mutation was first crossed 
‘with a nearisogenic wild-type (WT) individual 
‘The ddm!-2 mutation leads to a loss of DNA 
methylation and silencing over transposable ele- 
ments (TEs) mainly, with potential consequences 
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Fig. 1. Interval mapping results. (A) QTL mapping profiles fortwo independent 
flowering time measurements (FTL and FT2), as well as their average (combined). 
FTL was measured in the greenhouse and FT2 in a field experiment. (B) Per- 
‘centages of phenotypic variance and of broad-sense heritability (H") explained 


Sephenotypic variance explained %hertabilty explained 
by the peak QTL markers (MM). Error bars, #1 standard eror ofthe estimate. (© 
CTL mapping profiles fortwo independent primary root length measurements (RLL 
and RL2), as well as their average (combined). Both RL and RL2 were measured 
ina climate-controlled growth chamber. (D) Same as in (B), but for RL. 
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‘on the expression of neighboring genes (12), but 
transposition events are relatively rare (13). Imi 
portantly, some of the DNA methylation and ex- 
pression changes induced by ddm-2 are inherited 
independently of the mutation (/4, 15). A single 
F1 DDMl/ddm/-2 individual was therefore back- 
crossed to the WT parental line, and afer selection 
of F2 progeny homozygous for the DDM/ allele, 
the epiRILs (> 500) were selfed for six gener- 
ations (fig. SI). 

Phenotypic analysis revealed significant broad- 
sense heritability in the epiRILs, with estimates 
ranging from about 0.05 to 04 (II, 16, 17). 
‘Theoretical predictions indicate that these herita- 
bility values are consistent with a small number of 
parentally derived quantitative trait loci (QTL) 
(U7, 18). We hypothesized that these QTL are caused 
bby stably inherited DNA methylation changes origi- 
nating from the ddm/-2 mutant founder parent. 
Indeed, a survey of the DNA methylomes of a 
selocted set of 123 epiRILs identified hundreds of 
parental differentially methylated regions (DMRs) 
showing Mendelian segregation pattems (19). 


Using an informative subset of 126 of these DMRs 
as physical markers, we were able to derive a genetic 
map covering 81.9% of the total genome (19). 

Here, we used this map in conjunction with 
classical linkage analysis to search for epigenetic 
‘quantitative trait loci (QTL) underlying com- 
plex traits in the epiRIL. popalation, 

‘We interval-mapped (20) two highly heritable 
(and weakly correlated) complex traits, flowering 
time (FT!) and primary root length (RL1) (Fig. 1, 
fig. S2,and table SI), The FT phenotype was ob- 
tained in 2 greenhouse experiment (11), whereas 
LI was measured in a climate-controlled growth 
chamber (27). Linkage analysis detected highly 
significant QTL. for FT! on chromosome I (chr 1) 
[40.59 cM; logarithm of the odds ratio for linkage 
(LOD)= 8.72), chr 4 (30 eM; LOD = 4.43), and 
chr 5 (41.73 eM; LOD = 8.53) (Fig. 1A and table 
$2), For these three QTL, the plants that inherited 
the WT epigenotype at the peak marker flowered 
significantly later than those with the ddml-2 
inherited epigenotype (fig. S34). The combined 
additive effects of these QTL explained 86.78% 


of the broad-sense heritability for the trait and 
51.14% ofthe total phenotypic variance (Fig. 1B 
‘and table $3), All three QTL were confirmed using 
independent flowering time data (FT2) collected in 
1 field experiment (17) (Fig. 1, A and B, and 
table $3), which indicates that these QTL are 
robust across environmental settings. For RLI, 
‘we detected significant QTL on chr I (38 eM: 
LOD =4.9), chr2 (6.47 eM; LOD = 5.28), and 
chr 4 (50 eM; LOD = 2.65) (Fig. 1C and table 
$2). The WT-inherited epigenotype at the peak 
‘QTL markers was associated with longer primary 
roots compared with the ddm!-2 inherited epi- 
‘genotype (fig. S3B). The combined additive effect 
cof these QTL explained 59.36% of the estimated 
‘broad-sense heritability and 32.69% of the total 
phenotypic variance (Fig. 1D and table S4). Again, 
all tee QTL were confirmed with data fom a 
replicate phenotyping experiment (RL2) (Fig. 1, C 
and D, and table $4), 

Our linkage mapping results indicate that the 
‘broad-sense heritability in the epiRILs is mainly 
due to causal variants originating from the pa- 


A 
Trait OTL inserted sequence Number of epiflls shared Phenotypic effect (p-value) 
‘Chr Start Stop Name Start Stop Seq PCR Total TE QTL marker 
FTL 1 15908858 17261949 ATENSPM3 16836944 16837131 5/52 2/27 7/79 0.0076 5.20E-07 
RLL 1 13617271 17523612 ATENSPM3 16836944 16837131 5/52 2/27 7/79 0,023 0.00012 
RLL 1 © 13617271 17523612 ATENSPM3/HELITRON 17407431 17410302 2/52 0/27 2/79 0.75 0.00012 
RLL 4 8906583 11824662 ATCOPIAN3 9649457 9651158 13/52 9/27 22/739 0.073 0.020 
RL 4 8906583 11824662 _ATCOPIATE 10736583 10740627 18/52 8/27 26/79 0.99 0.020 
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Fig. 2. Ruling out ddm1-2-derived TE insertions as a cause for the epiRIL 
QTL (A) Resequencing of 52 epiRILs and targeted PCR of an additional 27 
pis detected four shared insertions in the RL and FT QTL intervals (coor- 
dinates are according to TAIR1O). Phenotypic analysis testing forthe effect of TEs 
and peak QTL markers [P values from multiple regression models (table $8). (B) 
Validation ofthe RL QTL by selective epigenotyping of 82 short- and long-root 
F3 progeny obtained using the crossing scheme shown. (C) Quantitative PCR 
analysis of McBC-digested DNA of tail-selected samples was used to determine 


DNA methylation levels a the peak markers MMI, MM330, and MM694 on chr 
1, 2, and 4, respectively (right paneD. We used marker M330 on chr 2 instead of 
the peak marker M240, These markers are in tight inkage, but MMI330 was easier 
to assay by PCR. Error bar, #1 SEM, (O) Example ofthe presence or absence of the 
‘most common insertion (ATCOPIA 93) ina sample of epi and the pools of shot- 
‘and long-root F3 individuals. (Top) Results of PCR with primer pairs designed to 
amplify one end of the element and is flanking sequence. (Bottom) Results of PCR. 
with primer pairs designed to amplify the WT sequence. Positive controk: epiIL 55. 
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rental generation and not from later generations 
of inbreeding. To examine the possibility that 
these parental derived causal variants are trans- 
posable clement (TE) insertions that occurred in 
the ddm!-2 parental line rather than DMRs, we 
resequenced a representative sample of 52 of the 
123 epiRILs (tables $5 and $6). Our analysis re- 
‘vealed, in addition to several nonshared TE in- 
sertions, a total of four shared TE insertions in the 
RL and FT QTL confidence intervals (Fig, 2A, 
fig, $4, and table S6): two shared TE insertions in 
the chr | interval and two in the chr interval. We 
were able to confirm the shared TE insertions 
using targeted polymerase chain reaction (PCR) 
assays in an additional 27 epiRILs (Fig. 2, A and 
D, and tables $5 to $7). 

However, further analysis revealed that shared, 
TE insertions were not consistently inherited from 


the dd)-2 parent (fig. S4 and table $6). Thus, we 
found that the ATCOPIA7S insertion on chr lies 
in an interval of WT origin and is present in about 
‘one-third ofthe epiRILs, which indicates that this 
insertion occurred in the FI individual rather 
than in the ddm!-2 parent, Similarly, the two 
ATENSPMG insertions on chr ! lic in intervals 
‘of dd -2 origin but are absent in some epiRILs 
with this epigenotype, suggesting that they either 
‘occurred in the parental ddmJ-? line, with exci- 
sions in some epiRILs, or else arose in the Fl 
individual. Finally, the ATCOPIA3 insertion on. 
‘chr fies in an interval that is of dm1-2 origin in 
some epiRILs and of WT origin in others, reflect- 
ing a highly dynamic inheritance pattem. Attempts 
to associate these shared TE insertions with phe- 
notypes revealed a significant association for 
ATENSPNB (chr 1) with rot length and flowering 
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time (FT, P= 0.0076; RL, P= 0,023) (Fig, 2A and, 
table S8A) and a borderline significant effect for 
the ATCOPIA93 (chr 4) insertion on primary root 
length (P = 0.073). However, phenotypic effects 
‘were much weaker than those of the peak QTL. 
‘markers (Fig. 2A and table $8, B and C), which 
implies that these shared TE insertions are unlikely 
causal, 

‘To support this conclusion, we crossed a new 
pair of WT and cdm-2 founder plants (Fig. 2B) (27) 
‘and self the F to select single DDMU/DDMI F2 
individual that was “epi-heterozygote” for all thee 
QTL peak markers on chr 1, 2, and 4 (21), After 
‘an additional selfing, we selected F3 progeny from 
the long and short extremes ofthe RL distribution, 
DNA methylation analysis confirmed the associ- 
ation of short and long primary roots with the 
2-like and WT methylation states at the 


Meth WT nd én 2 
ove: am 


‘Mele: Meth 12 eis 


—=— 
uv M 
“Annotation DMs 
ao et 
B 
Position (Mb) 
Cc FT chr chr4 chr. RL chr chr chr 4 
3 23 
4, ‘f 3 6. 1B 


8 


Fig. 3. DNA methylation profiles of candidate DMRs in the epiRIL QTL 
intervals (A and B) Location and annotation of candidate DMs detected for FT 
(A) and RL (8). The top part ofthe rectangles shows the DNA methylation profile 
of the WT and ddmt-2 parents, respectively (U, unmethylated; |, intermediate 
DNA methylation; M, high-level DNA methylation). The DNA methylation profiles, 
ofthe epiRits are indicated below and are ordered according to the epigenotype 
of the peak marker [from WT (top) to ddm1-2 (bottom). The bottom part of 


city 


© fo} : 
od 184 10 
the rectangles shows the annotations that overlap with the DMRs (GP, gene 
promoters; GB, gene bodies; TE, transposable element sequences; IR, intergenic 
regions). A schematic representation of each chromosome is platted above each 
rectangle. (C) Number of candidate DMRs detected for each QTL interval (values 
inside circles) and the number of unique annotations (values outside circles) with 


which they overlap. DMIRs can overlap multiple annotations (tables S12 and 
513). Colors and abbreviations are as in (A). 
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peak QTL marker, respectively (Fig. 2C) (21), 
Furthermore, the tail-selected F3 individuals con- 
tained none ofthe shared TE insertions identified 
inthe epiRIL population (Fig. 2D and table $6). 
We thus conclude that the epiRIL QTL are most 
likely caused by the heritable (ddm!-2 induced) 
loss of DNA methylation in the QTL. intervals 
Next, we searched for putative causal DMRs 
inthe RL and FT QTL intervals, We analyzed the 
‘methylomes (~165-base pair resolution) of the 
123 epiRILs and their founders (19) and required 
candidate DMRs to be in approximate linkage 
disequilibrium with the peak QTL marker and 
displaying clear differences in DNA methylation 
states and expression levels between the WT and 
the adm 1-2 founder lines (figs. S$ to S8). Our 
search revealed 325 candidate DMRs within the 
FT QTL intervals (chr1, 53; chr, 16; chrS, 256), 
which mapped to 44 unique genes (including 
promoter regions), 153 annotated TE sequences, 
and 77 intergenic regions (Fig. 3, A and C, and 
tables $9, S10, and $12), For the RL QTL in- 
tervals, we detected 506 candidate DMRs (chr 1, 
122; chr2, 367; chr4, 17), mapping to 71 unique 
genes (including promoter regions), 261 anno- 
tated TE sequences, and 122 intergenic regions 
(Fig. 3, B and C, and tables $9, S11, and S13), 
Further analysis ofthese candidate DMRs did not 
identify any obvions flowering time and root 
length genes (tables $10 and $11), which could 
be consistent with the lower amplitude of phe- 
notypic variation observed among the epiRILs 
than among highly contrasted accessions (/6), 
However, we cannot rule out that the candidate 
DMRS are in LD with causal DMRs that could 
not be called with our method. Ultimately, 
‘mapping. approaches and targeted manipulation 


of selected DMRs will be required to identify 
causal regions 

(Our analysis of the epiRILs demonstrates that 
induced DMRs can be stably inherited indepen- 
dently of DNA sequence changes and function as 
epigenetic quantitative trait loci (QTL'"), Phe- 
notypically, the detected QTL" have all the nec- 
essary properties to become targets of natural or 
_tifcial selection. Taking advantage of the single- 
nucleotide resolution methylomes of 138 natural 
accessions (4) (table S14), we could show that 
about 30% of the heritable DMRs identified in the 
piRIL population overiap with naturally occurring 
DMR among these accessions (figs. $9 and S10). 
‘Therefore, these epiRIL. DMRs may have been 
historical targets of epimutations inthe wild, either 
through trans-induced dm/-tike mutation events 
fo ise through sill unknown mechanisms. This 
finding indicates in tum that DMRs could also act 
3s QTL™ in natural populations and thus consti- 
tute a measureable component of the so-called 
“missing heritability.” This possibility may have 
‘deep implications on how we delineate and inter- 
pret the heritable basis of complex traits, 


References and Notes 

1. L-Aam,§,€. Jacobsen, Nat. Rev Genet 12, 208-220 
(2010) 

2.5. Fong t al, Pac. Noth Acad. Se. USA 207, 
69-2696 (2010), 

3. A Zemach |, MeDariel, Siva, 0. Zilbman, Science 
328, 916-919 (2010) 

4. RL) Schmit tal, Mature 495, 193-198 (2013) 

5.5. Echt ef al, Plant Cll 25, 2783-2797 (2013), 

6H. Hoyn et al, Genome es. 23, 1363-1372 (2013). 

1. D. Weigel, V. Coot, Genome Bie. 13, 249 (2012) 

5 

8 

0 


Becker ef al, Nature 480, 245-249 (2010. 
RJ Schmite ef a, Science 334, 369-273 (2012), 

F. Johannes, V Colt, RC. Jansen, Nat. Rev. Genet. 9, 
283-290 (2008) 


11. F. Johannes a, PLOS Gene. 5, 1000530 (2009) 

32. Z Lippman eta, Nature 430, 471-476 (2008 

413. S Tolahara etal, Nature 462, 423-426 (2009), 

14. T. Mahuta, K Munakata, EJ Richards, H, rca 
Geneves 251, 431-838 (1999) 

15. F Teta eta, Science 323, 1600-1604 (2008) 

16. V late, ¥. Zhang, K_ Karlson Mertz, Fisher, 
0. Bossdot, Ann Bot 120, 1423-1428 (2012). 

27. F. Row ol, Genetics 188, 1035-1027 (2012), 

48. F. Johannes, M.Colamé-Tatché, Genetics 188, 215-227 
com, 

19. MN Colomé-Tatehé eta, Froe. Nal. Acad. Si UA 
109, 16240-14285 (2012. 

20. ES. Lander, D. Botstein, Genetics 124, 185-199 (1989), 

21. Waters and methods an supplementary text ace 
salable as supparting material on Science Online. 


[Acknowledgments We thank O, Bodo, C Richards, . 0a, 
and K. Verhoeven fr their input on an exter version of 

this eport. This wok was supported by grants fom the 
Netherlands Oraenzation for Sent Research (oF, RI 
ROL, and WLC-T); a Univers of Groningen Rosatind Franklin 
Felloship to MLCT; the Agence Nationale de la Recherche 
(@NR09-BLAN-0237 EPIMOBILE to V.C and Ps ANR OS 
GPLAOLO TAG, nvestissements diver ANRIOLABK-SA 
MEMO UFE, and ANR-AL-IDEX-0001-02 PSL? Research 
University fo V.C) and the European Union (EpieneSy FP7 
Network of Exalence umber 257082, ta V.C). SC. and 
MLE. wore supported by Ph.D. studentship from the Mitre 
de [Enseignement Supérieur et de la Rechrche, with 
2uditonal support irom the Fondation pour la Recherche 
cae (S.C). Sequence reads fr the 52 epflls and 
patent tines are deposited atthe European Bsnformatics 
Insite under acesson number €R°004S07 


Supplementary Materials 
vk encemag.rglontnt/34314175/214SsuppUDCL 
Materials and Methods 

Supplementary Text 

Figs 51 to S12 

Tables SL to S14 

References (22-28) 

5 Movember 2013; accepted 22 January 2014 


Published online 6 February 2034 
10.1126/cience 1248127 


A Single Gene Affects Both 
Ecological Divergence and Mate 
Choice in Drosophila 


Henry Chung, David W. Loehtin,? Héloise D. Dufour,* Kathy Vaccarro,* 


Jocelyn G. Millar,? Sean B. Carroll* 


Evolutionary changes in traits involved in both ecological divergence and mate choice may 
produce reproductive isolation and speciation. However, there are few examples of such dual traits, 
and the genetic and molecular bases of their evolution have not been identified. We show that 
methyl-branched cuticular hydrocarbons (mbCHCs) are a dual trait that affects both desiccation 
resistance and mate choice in Drosophila serrata. We identify a fatty acid synthase mEAS (CG3524) 
responsible for mbCHC production in Drosophila and find that expression of mFAS is undetectable 
in oenooytes (cells that produce CHCs) of a closely related, desiccation-senstive species, D. birchi, 
due in part to multiple changes in cis-regulatory sequences of mFAS, We suggest that ecologically 
influenced changes in the production of mbCHCs have contributed to reproductive isolation between 


the two species. 


he evolution of traits with dual roles in 
| ‘ecological divergence and mate choice could 
‘cause populations to become reproduc- 

tively isolated through local adaptation (/, 2). 


However, the direct contribution of ecological 
divergence to speciation is uncertain, in part be- 
‘cause relatively few systems have been inves- 
tigated experimentally, and the genes affecting 


dual traits have not been identified, Insect cu 
ticular hydrocarbons (CHCs) ane potential dual 
traits (3). CHCs seal the cuticle, protecting against 
desiccating environments (4), and can also act 
as pheromones that influence mate choice and 
mating success (5). Whereas specific CHC mole- 
cals act as pheromones (6, 7), no specific CHC 
or class of CHCs has been demonstrated to be 
involved directly in desiccation resistance, 

One class of CHCs, methyl-branchedl CHCs 
(mbCHCS), which have melting points above am- 
bent temperature, are hypothesized to help main- 
tain a barrier against evaporative water loss (8). 
D. serrata, « habitat generalist found outside of 
‘and on the fringes of the rainforest on the east 
coast of Australia, is relatively desiccation resi 
fant and produces relatively large amounts. of 
mbCHCs (29% of all CHCs) (Fig. 1A). In con- 
trast its close relative D. birchi, a habitat specialist 
found exclusively in the humid rainforest, is ex- 
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peak QTL marker, respectively (Fig. 2C) (21), 
Furthermore, the tail-selected F3 individuals con- 
tained none ofthe shared TE insertions identified 
inthe epiRIL population (Fig. 2D and table $6). 
We thus conclude that the epiRIL QTL are most 
likely caused by the heritable (ddm!-2 induced) 
loss of DNA methylation in the QTL. intervals 
Next, we searched for putative causal DMRs 
inthe RL and FT QTL intervals, We analyzed the 
‘methylomes (~165-base pair resolution) of the 
123 epiRILs and their founders (19) and required 
candidate DMRs to be in approximate linkage 
disequilibrium with the peak QTL marker and 
displaying clear differences in DNA methylation 
states and expression levels between the WT and 
the adm 1-2 founder lines (figs. S$ to S8). Our 
search revealed 325 candidate DMRs within the 
FT QTL intervals (chr1, 53; chr, 16; chrS, 256), 
which mapped to 44 unique genes (including 
promoter regions), 153 annotated TE sequences, 
and 77 intergenic regions (Fig. 3, A and C, and 
tables $9, S10, and $12), For the RL QTL in- 
tervals, we detected 506 candidate DMRs (chr 1, 
122; chr2, 367; chr4, 17), mapping to 71 unique 
genes (including promoter regions), 261 anno- 
tated TE sequences, and 122 intergenic regions 
(Fig. 3, B and C, and tables $9, S11, and S13), 
Further analysis ofthese candidate DMRs did not 
identify any obvions flowering time and root 
length genes (tables $10 and $11), which could 
be consistent with the lower amplitude of phe- 
notypic variation observed among the epiRILs 
than among highly contrasted accessions (/6), 
However, we cannot rule out that the candidate 
DMRS are in LD with causal DMRs that could 
not be called with our method. Ultimately, 
‘mapping. approaches and targeted manipulation 


of selected DMRs will be required to identify 
causal regions 

(Our analysis of the epiRILs demonstrates that 
induced DMRs can be stably inherited indepen- 
dently of DNA sequence changes and function as 
epigenetic quantitative trait loci (QTL'"), Phe- 
notypically, the detected QTL" have all the nec- 
essary properties to become targets of natural or 
_tifcial selection. Taking advantage of the single- 
nucleotide resolution methylomes of 138 natural 
accessions (4) (table S14), we could show that 
about 30% of the heritable DMRs identified in the 
piRIL population overiap with naturally occurring 
DMR among these accessions (figs. $9 and S10). 
‘Therefore, these epiRIL. DMRs may have been 
historical targets of epimutations inthe wild, either 
through trans-induced dm/-tike mutation events 
fo ise through sill unknown mechanisms. This 
finding indicates in tum that DMRs could also act 
3s QTL™ in natural populations and thus consti- 
tute a measureable component of the so-called 
“missing heritability.” This possibility may have 
‘deep implications on how we delineate and inter- 
pret the heritable basis of complex traits, 
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A Single Gene Affects Both 
Ecological Divergence and Mate 
Choice in Drosophila 


Henry Chung, David W. Loehtin,? Héloise D. Dufour,* Kathy Vaccarro,* 


Jocelyn G. Millar,? Sean B. Carroll* 


Evolutionary changes in traits involved in both ecological divergence and mate choice may 
produce reproductive isolation and speciation. However, there are few examples of such dual traits, 
and the genetic and molecular bases of their evolution have not been identified. We show that 
methyl-branched cuticular hydrocarbons (mbCHCs) are a dual trait that affects both desiccation 
resistance and mate choice in Drosophila serrata. We identify a fatty acid synthase mEAS (CG3524) 
responsible for mbCHC production in Drosophila and find that expression of mFAS is undetectable 
in oenooytes (cells that produce CHCs) of a closely related, desiccation-senstive species, D. birchi, 
due in part to multiple changes in cis-regulatory sequences of mFAS, We suggest that ecologically 
influenced changes in the production of mbCHCs have contributed to reproductive isolation between 


the two species. 


he evolution of traits with dual roles in 
| ‘ecological divergence and mate choice could 
‘cause populations to become reproduc- 

tively isolated through local adaptation (/, 2). 


However, the direct contribution of ecological 
divergence to speciation is uncertain, in part be- 
‘cause relatively few systems have been inves- 
tigated experimentally, and the genes affecting 


dual traits have not been identified, Insect cu 
ticular hydrocarbons (CHCs) ane potential dual 
traits (3). CHCs seal the cuticle, protecting against 
desiccating environments (4), and can also act 
as pheromones that influence mate choice and 
mating success (5). Whereas specific CHC mole- 
cals act as pheromones (6, 7), no specific CHC 
or class of CHCs has been demonstrated to be 
involved directly in desiccation resistance, 

One class of CHCs, methyl-branchedl CHCs 
(mbCHCS), which have melting points above am- 
bent temperature, are hypothesized to help main- 
tain a barrier against evaporative water loss (8). 
D. serrata, « habitat generalist found outside of 
‘and on the fringes of the rainforest on the east 
coast of Australia, is relatively desiccation resi 
fant and produces relatively large amounts. of 
mbCHCs (29% of all CHCs) (Fig. 1A). In con- 
trast its close relative D. birchi, a habitat specialist 
found exclusively in the humid rainforest, is ex- 
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tremely sensitive to desiccation and produces very 
low amounts of mbCHCs (9-11) (3% of all CHCs) 
(Fig. | and fig. SIA), D. serrata and D. birchii 
show prezygotic isolation, which appears to be me~ 
diated by chemical signals (/2). Notably, mbCHC 
levels are one factor correlated with male mating 
success in D. serrata (13, 14). If mbCHCs con- 
tribute to both mating success and desiccation 
resistance, then mbCHCs would constitute a dual 
tnait, and the loss of mbCHCs in D. birchif could 
have contributed to its reproductive isolation from 
Dz serrata. 

To explore this scenario, we identified the 
_gene(s) responsible forthe differences in mbCHCs 
between D. serrata and D. birchii, Because the 
levels of both major mbCHCs (2Me-C26 and 2Me- 
C28) are lower in D. birch than in D. serrata 
(10) (lig. $1), we reasoned that the underlying, 
genetic differences between these two species 
rust have occurred carly in the fatty acid syn- 
thase (FAS) pathway responsible for mbCHC 
synthesis (Fig. 1B), 

Biochemical studies have identified two forms 
‘of FASs in insets, one for producing unbranched. 
CHCs such as alkanes, monoenes, and dienes, 
and the other for producing mbCHCs (15). The 
D. melanogaster genome contains three putative 
FASs: CG3523, CG3524, and CG17374 (16) 
In situ hybridization of RNA probes for all three 
FASs in adult abdomens revealed that CG3523 is 
expressed only in the adult fat body, whereas 
(CG17374 and CG3524 are both expressed in adult 


f. O.serataY 


D. birch 


D. melanogaster oenocytes (Fig. 1C), where 
(CHCs are produced (17). 

RNA interference (RNAi)-mediated knock- 
down of CG3524 and CG17374 in D. melanogaster 
‘by aubiguitously expressed driver (tubulin-GALA) 
‘was lethal, An oenocyte-specfic driver (oenoGALA) 
(U7) inducing CG17374 RNAi was also lethal, 
whereas oenoGAL4-driven RNAi knockdown 
‘of CG3524 produced viable adult flies in which 
mbCHC production was strongly and specifically 
reduced (Fig. 1D). This suggests that CG3524 isa 
mbCHC-specific FAS (mFS), RNAi-mediated 
knockdown of CG17374 in oenocytes after adult 
flicscclosed yielded viable adults with unchanged 
CHC profiles, whereas knockdown of CG3524 
in adults reduced mbCHCs, thus confirming the 
specific role of CG3524 as mFAS. 

‘We then isolated the orthologous gene in the 
D, serrata genome and drove D. serrata mFAS 
RNA under the direct control of an oenocyte- 
specific enhancer (fig, $2), obtaining two indepen 
dnt lines of transeenic D. serrata flies canying this 
construct (EAS and met), mbCHC 
levels were reduced in males and females of both 
lines, indicating thatthe role of mi2ASiin producing, 
mbCHCs is conserved among Drosophila (Fig. 2A 
and table S1), 

‘To assess whether mbCHCs contribute to des- 
ication resistance in D. serrata, we subjected 
D. serrata mFAS-RNAi and wild-type flies to a 
desiccation assay. We found that the D. serrata 
‘mFAS-RNAi flies exhibited reduced desiccation 


D.melanagaster 


Hl 
1 


D. melanogaster 
contol 


Fig. 1. Closely related Drosophila species differ in mbCHC levels, whose 


synthesis is controlled by the mFAS gene. (A) D. serrata and D. birch occupy 


= 
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resistance (Fig. 2B), To investigate whether the 
loss of desiccation resistance was due to the spe- 
cific loss of mbCHCs, we applied a mixture of 
purified synthetic mbCHCs to D. serrata mEAS- 
RNAi flies. The application of synthetic mbCHCs 
significantly increased resistance (fig. S3B), indi- 
cating that the low resistance of mE4S-RNAi 
flics was due to the specific loss of mbCHCs. We 
also applied synthetic mbCHCs to D. birchii flies 
‘and observed increased desiccation resistance 
(ig, $3B), suggesting that the comparatively low 
desiccation resistance of this species may be dc 
at least in part to its low levels of mbCHCs. 

‘The D. hirchiimFAS gene (GenBank IX627578) 
contains a complete coding sequence, and cDNA 
could be isolated from adults, indicating that the 
‘gone is intact and functional. However, mFAS 
‘expression was not detectable in D. hirehif oeno- 
cytes by in situ hybridization, suggesting that 
transcription in these cells is reduced or absent 
(Fig. 3). mFAS is expressed in the oenocytes of 
all other Drosophila species examined, includ- 
ing D. serrata (fig. $4). Thus, mF4S expression 
in oenocytes appears to have been lost in the 
D. birchit lineage 

‘To determine whether loss of miZAS expression 
is due to cis-regulatory changes, we made green 
fluorescent protein (GEP) reporter constructs with 
segments ofthe mFAS gene from both species and 
compared their activity when transformed into 
D. melanogaster. Both 5' and intronic mFAS se- 
‘quences from D. hirehi exhibited lower activity 


different habitats, but their ranges overlap on the east coast of Australia. The 


habitat generalist D. serrata produces higher levels of mbCHCs (29%) than the 
rainforest specialist D. birchii (396). (B) The biosynthetic pathways for CHC pro- 


D. melanogaster 
CG3524- RNAI 


methyl-branched and straight-chained CHC in Drosophila (18). (C) RNA in situ 


duction in insects, Two different forms of FAS are responsible fr the synthesis of | 


hybridization of the three Drosophila FAS genes on adult D. melanogaster males. 


A 


(€G3523 transcript was detected in the fat body. CG17374 and C3524 transcripts 


were detected in the oenocytes (arrowheads), the site of CHC synthesis. Insets 
show right side of second teraite (abdominal segment). For the CG3523 inst, the 
fat body was removed. Expression of all three FASS is sexually monomot 


CO) 


Oenocyte-specific RNAi knockdown of CG3524 in D. melanogaster results in a 
large reduction of mbCHCs (results show in males), suggesting that itis a methyt- 
branched specific FAS (FAS). 
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than the homologous regions from D. serrata (fig. 
5), indicating that the reduction in D. birchit 
IFAS expression is partly due to multiple cis- 
regulatory changes atthe locus. 

The ecological divergence of the rainforest- 
resticted D. birch and widely distributed D, serrata 
involved reductions of desiccation resistance, mEAS 
expression, and mbCHCs. mbCHCs are one fiac- 
tor that has been correlated with male mating sue- 
cess in D. serrata (13, 14), and ths could have 
played a roe in reproductive isolation between the 
species. To determine whether mbCHCs directly 
affect mating in D. serrata, we conducted a series 
fof mate-choice experiments in which mbCHC 
levels were manipulated. When single wild-type 
males were presented with a choice between & 
wild-type female and a m£AS-RNAi female, we 
did not observe any mating preference (n= 105; 
x7 0.77; P=0.38). This suggests that D, serrata 
‘males donot discriminate onthe basis of mbCHC 
levels in females. In contrast, when single wild 


A 


D. serrata mFAs™* 
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D. serrata males 


Fig. 2. Loss of mbCHCs strongly reduces des- 
iccation resistance in D. serrata. (A) Oenocyte- 
specific RNAi knockdown of mFAS in D. serrata 
results in almost complete loss of mbCHCs (results 
shown in males) (B) Oenocyte-spectic RNA knock- 
‘down of mFAS in D. serrata results in a dramatic re- 
duction of desiccation resistance in both male (test 
6.7, P= 6.4 x 10") and female (a 
8 x 10”) mFAs™" tes, The 
mean time to mortality of 10 flies in each of 2 = 9 
10 10 vials per genotype was compared with t tests 
(two-tailed, unpaired, unequal variance), Mean + 
SEM is shown. 


D. serrata females 


type females were given the choice between a wild 
type male and either a mFAS*™*"' or mets! 
male, they preferred males with normal produc- 
tion of mbCHCs over males with reduced pro- 
duction (Table 1) [this effect was dependent on 
the age of the flies (sce table $2). 

To determine whether increasing the level 
of mbCHCS also influenced mating success, we 
perfumed wild-type males with either 2Me-C26 
‘or 2Me-C28 (table $3), We found that males per- 
fumed with 2Me-C26 exhibited increased mating, 
success, whereas 2Me-C28 had no detectable ef- 
fect (Table 1). Finally, we investigated whether 
perfiuming mFAS-RNAi males with cither 2Me- 
(C26 or 2Me-C28 increased male mating success 


D sowata 


~ 


birch 


Matos 
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Fig. 3. mFAS is not expressed in D. birchii oeno- 
‘gftes. RNA in situ hybridization reveals that, where 
aS mFAS shows a sexually monomorphic expression 
pattem in D. serrata oenocytes (left, it is unde- 
tectable in ether sex in D. birchii (right. To con- 
firm that the lack of transcript detection was not 
due to any defect ofthe D. birchii RNA probe, we 
showed that this probe detected mFAS expression in 
D, serrata (center), Arrowheads point to oenooytes; 
‘open arrowheads indicate no visible expression. 


and found that 2Me-C26 again increased male 
mating success. Together, our results indicate that 
mbCHCs, whose production is controlled by the 
‘FAS gene, affect mating success as well as desic~ 
cation resistance, and thus function asa dual trait 
in D. serra, 

‘To determine whether the difference in mbCHC 
levels might also contribute to premating isola- 
tion between D. serrata and D. birchii, we inves- 
tigated whether manipalating the evel of mbCHCs 
in D. birchii could break the interspecies mating 
barrier. We perfiumed D. irchii males and fe- 
‘males with synthetic mbCHCs before introducing, 
them to D. serrata females and males, respective- 
ly. Inneither case did we observe any coptlations. 
Importantly, however, we also observed that no 
males of either species even attempted fo court 
females of the other species, a necessary pream- 
ble before females exhibit a choice. These obser- 
vations suggest that courtship by males is also 
‘govemed by cues that differ between the species, 
such that modulation of mbCHCs alone is not 
sufficient to surmount the barrier to mating, This is 
not surprising because nnmerous factors contrib- 
‘te to courtship and mating among Drosophila 
species, and these traits may also be subject to 
rapid divergence (18, 19) 

Although restoring mbCHCs to D. birehit 
‘was not sufficient to surmount its reproductive 
isolation from D. serrata, the demonstrated role 
‘of mbCHCs as a component of mate choice in 
D. serrata and the loss of mibCHCs in its rainforest- 
restricted sibling suggest a plausible scenario for 
mbCHCS in ecological speciation. That is, as 
‘populations of the common ancestor ofthese two 
species diverged ecologically, and ifthe rainforest- 
‘adapting population lost mbCHCs and mFS ex- 
pression before or during speciation (perhaps duc 
to relaxed constraints on desiccation resistance), 
then such changes would likely result in increasing, 
reproductive isolation between the populations. 
Subsequent changes at other genetic loci would 
then complete and or reinforce speciation (fig. $6). 


Table 1. mbCHCs affect mating success in D. serrata. (A) Three-day-old wild-type D. serrata males 
had significantly higher mating success than mFAS-RNAi flies in female choice assays where single 
wild-type females were given a choice between the two genotypes. (B) Wild-type and mFAS™*? males 
\were perfumed with 2Me-C26 and 2Me-C28 individually, Females are given a choice between a perfumed 
male and a nonperfumed male with the same genotype. Perfuming with 2Me-C26 significantly increased 
mating success of both wild-type and mFAS-RNAi fis, 


(A) Wild-type (WT) males have greater mating success than mFAS-RNAi mates 


nn Wrchosen —RNAichosen df 72 P 
WT versus mras*™** 19 55 24 1 (12,165 <0.001""* 
WT versus mras*™*? 89 54 35 1 4.056 <0,05* 


(8) Males perfumed with 2Me-C26 have greater mating success than nonperfumed flies 


Perfumed Nonperfumed 
a chosen chosen a P 

WT (2iMe-c26) at 3 58 1 4a33—<0.05" 

WT (2Me-c28) 122 60 62 1 0330 0.86 

mFAS™™*(2Me-C26) 103 nan 32 1 14.767 <0.001""* 

mras**(2me-C28) 100 49 51 10040 0.85, 
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Its becoming increasingly apparent that ad- 
aptation to different environments may lead to 
reproductive isolation (7), Given the dual role of 
‘CHC in insect water balance and sexual com- 
munication, and their great chemical diversity 
changes in CHC production in ecologically diverg- 


ing populations may be an important general con- 
tributor to insect speciation, 
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Long-Acting Integrase Inhibitor 
Protects Macaques from Intrarectal 
Simian/Human Immunodeficiency Virus 


Chasity D. Andrews,* wil 


sm R, Spreen,? Hiroshi Mohri,* Lee Moss,” Susan Ford,? 


Agegnehu Gettie,* Kasi Russell-Lodrigue,’ Rudolf P. Bohm,’ Cecilia Cheng-Mayer,* Zhi Hong,” 


‘Martin Markowitz,* David D. Ho** 


G5K1265744 (G5K744) is an integrase strand-transfer inhibitor that has been formulated as a 
long-acting (LA) injectable suitable for monthly to quarterly clinical administration. GSK744 LA was 
administered at two time points 4 weeks apart beginning 1 week before virus administration, 
and macaques were challenged weekly for 8 weeks. GSK744 LA, at plasma concentrations 
achievable with quarterly injections in humans, protected all animals against repeated low-dose 


challenges. In a second experiment, macaques were 
infection occurred. Protection decreased over time 


administration and challenged repeatedly until 


mn GSK744 LA 1 week before virus 


and correlated with the plasma drug levels. With 2 quarterly dosing schedule in humans, our 
results suggest that GSK744 LA could potentially decrease adherence problems associated with 


daily preexposure prophylaxis (PrEP).. 


health problem of unprecedented propor- 

tions. There were 2.3 million new infections 
in 2012, with an estimated 35.3 million people 
already infected (/), Because an effective vaccine 
remains elusive, multiple clinical trials have been 
performed to evaluate the efficacy of various anti 
retrovirals as preexposure prophylaxis (PrEP) 
The CAPRISA 004, the Chemoprophylaxis for 
HIV Prevention in Men (iPrEx), the PartnersPrEP, 
and the TDF2 studies have shown that topical 
or oral PrEP agents reduced the risk of HIV-1 
infection, with elfcacies ranging from 39 to 75% 


T: global HIV-1 pandemic remains a public 
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(2-5), The variability in efficacy likely resulted 
from adherence differences among the study 
populations, In the iPrEx study, the efficacy of 
daily oral emiricitabine and tenofovir disoproxil 
fumarate (FTC/TDF) increased from 44% in all 
participants assigned to treatment to 90% in 
those participants with detectable drug in plasma 
{@). Ina follow-up pharmacokinetic (PK) study, 
intracellular drug concentrations achieved from 
two, four, oF seven directly observed doses of 
‘oral FTC/TDF per week correlated with 76%, 
96%, oF 99% efficacy in the iPrEX study, respec- 
tively (6). In contrast, the FEM-PrEP and the 
VOICE PrEP trials were stopped because of fu- 
tility, and in both studies plasma drug concen- 
trations revealed that <30% of participants were 
adherent to the dosing regimen (7, 8) 

We hypothesize that long-acting (LA) anti- 
retroviral formulations requiring infrequent dosing, 


could improve adherence and thus PrEP efficacy. 
‘GSK1265744 (GSK744) is an analog of dotute- 
avira recently approved integrase strand-transfer 
inhibitor with a favorable efficacy and safety 
profile in several treatment trials (9-15). About 
2600 patient years of exposure (median durt- 
tion of 590 days, range from I to 1031) were 
‘accrued during phase 2b to 3b dotutegravir clin- 
ical trial programs. GSK744 is potent in vitro 
‘with 2 median inhibitory concentration (ICso) of 
0.22 nM against HIV-1 BAL in human periph 
eral blood mononuclear cells (PBMCs) (16). 
However, GSK744 is highly protein-bound, there- 
bby shifting up the target ICsp 408-fold in the pres- 
fence of fhuman serum (17). In infected patients 
treated daily with 5 or 30 mg of oral GSK744 
monotherapy for 10 days, mean plasma trough 
concentrations exceeded the protein-adjusted 
levels that would block 90% of infections (PAICo9) 
bby 3.5- and 20-fold, respectively, resulting in a 
2.2- to 2.3logyo decrease in plasma HIV-1 RNA 
‘without the emergence of drug resistance mu- 
tations (8. 

GSK744’s high potency, low aqueous solu- 
bility, slow metabolism, and high melting point 
permitted its formulation as a 200-mgiml LA is 
Jectable product, In healthy volunteers, GSK744 
LA yielded an apparent terminal-phase half-ife 
(4.2) ringing. from 21 to 50 days, compared with 
about 40 hours for a single oral dose (16, 18), 
This increase resulted from a slower release of 
rug from the injected nanosuspension rather 
than a change in the metabolic elimination rate. 
Safety analyses across six GSK744 oral studies 
and two GSK744 LA studies, dosing a total of 
245 participants (65 fernales, 180 males; median 
age of 32 years), revealed drug-related adverse 
‘events (dizziness and grade | rash) in only two 
participants, without any drug-related grade 3 or 
4 adverse events or deaths (/9), Dose-dependent 
injection ste reactions were common afier GSK744 
LA administration, but these were generally 
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Fig. 1. GSK744 LA PK profile in rhesus macaques and humans. (A) 
GSK744 LA PKs were evaluated in rhesus macaques (n = 8) after intramus- 
‘ular injections of 10 mg/kg into quadriceps as a single injection, 30 mg/kg 
(n = 4, two injections of 15 mg/kg) as a spit injection, or 50 mgykg (n = 8, 
four of 12.5 mg/kg) as a split dose with four injections, two per muscle. 
GSK744 LA was administered on weeks O and 4 (black arrows). (B) GSK744 
LA single-dose Pks were evaluated in a phase 1 study, and the results were 


‘Timo (woeks) 


Plasma GSK744 (ugimL) 


trations were assessed by liquid chromatography-mass spectrometry (HPLC- 
[MSIS) witha timit of quantitation (LOQ) >0.02 pgm. Means + SDs are shown. 
Dotted and dashed horizontal tines represent 1% and 4x PAICso, respectively. 
(© Rectal tissue distribution of GSK744 was evaluated in macaques dosed with 10 
‘or 30 mg/kg of GSK744 LA, The drug concentration from pinch mucosal biopsies 
wwas assessed each week in a subset (rn = 4) of animals injected with 10 mgkg. 
GSK744 concentration was assessed in all animals (n = 4) treated with 30 mafkg 
of GSK744 LA at weeks 2, 4, and 7. Tissue concentrations were assessed by 


adapted here for comparison (16, 21). GSK744 LA was administered by 
intramuscular gluteal injection of 200 (n = 6), 400 (n = 14), or 800 (n = 
‘two of 400 mg) mg to healthy human participants. Plasma GSK744 concen 


HPLCMSIMS with LOQ > 0.05 ig/a. Each symbol represents the simultaneous 
plasma and rectal tissue concentrations of an individual macaque. 


‘well tolerated and self-limited (9, 20), Although 
‘oth oral and parenteral formulations of GSK744 
continue to be evaluated in additional clinical + 
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trial, the safety data to date support finther cline = 
ical development 2 
‘The goal of this work was to evaluate GSK744 Week -1. 0 4 2 we 19 £ 40- 
LA as a PEP ageat in nmcagies fo tatablih revvevryy + 2 
proof of concept. In anticipation of performing a Irancal Dakss Necemny fii p< 0.0001 
low-dose intrarectal (IR) challenge experiment, ° 
we first conducted a PK study to identify a dosing o 2 4 6 6 10 t2 4 16 18 
pee eee re 5 elo 
plasm concentrations, tnien tests macaques 0 D9 
(facnca mulanta) were injected intramscular ie F| 
ly (IM) at two time points 4 weeks apart with yp a 
10 mpg (n= §) oF 30 mek (n= 4h 0 ijoe- Sy z 
tions of 15 mg) of GSK744 LA, but the mean & yo 3 
plason GSK744 concentrations (Fig, 1A) wee gu Box 
ot lvaysahove  PAIC, vel fund 9 be 1 
important forthe therapeutic effect in inectod © yg ae 
atts (8). A single iotamnscular dose of Walaa ® OREO ERED 


200, 400, or 800 mg of GSK744 LA in healthy 
volunteers revealed dose-proportional increases 
in drug exposure [AUC] Fig. IB) (8, 2/). The 
800-mg dose of GSK744 LA resulted in sus- 
tained mean plasma concentrations >4< PAIC39 
for 16 weeks (Fig. 1B), Because of injection vol- 
ume limits, the 800-mg dose was administered 
as a split injection (two of 400 mg), resulting 
in a supmproportional maximum concentration 
(Crane) Compared with the 200- and 400-mg 
doses. This finding suggested a faster release of 
GSK744 into the circulation as a consequence of 
dose spliting, However, only a dose-proportional 
increase in Cra Was observed when the dose was 
split in macaques. The elimination f12 of GSK744 
LA was much shorter in macaques, 3 10 1 days, 
compared with humans, which is offen the case 
for drugs in smaller mammals (22), The faster 
clearance of GSK744 in macaques required that 
a higher dose of GSK744 LA be used to main- 
tain clinically relevant plasma concentrations 


Fig. 2. Monthly injection of GSK744 LA protects macaques against repeated SHIV exposure. 
(A) Study design. Fight male macaques were injected IM in the quadriceps wth 50 mg/kg (four of 22.5 mg/kg) 
of GSK744 LA at two time points, week —1 and 3. An addtional eight male macaques were untreated and 
served as controls. Al animals were challenged IR each week with SO TCiDso of SHIV162P3 for up to eight 
exposures or until infection occurred, GSK744 LA-treated macaques were necropsied at week 19 
for evaluation of proviral DNA in multiple tissues. (B) Kaplan-Meier plot of treated and untreated macaques 
remaining aviremic after serial SHIV challenges. (C) Viral loads of individual untreated control macaques. 
Dotted line represents the LOQ, >40 SHIV RNA copies per milliliter of plasma. (D) Plasma GSK744 
concentrations in individual macaques throughout the course of study. Dotted and dashed horizontal tines 
represent 1x and 4x PAICoo, respectively. LOQ > 0.01 gil. 


throughout the dosing interval in the virus preven- 
tion study 

To understand drug distribution to the site of 
vimus inoculation, we determined the levels of 
GSK744 in rectal biopsy tissues as compared 
with those observed in the plasma of macaques 
treated with 10 or 30 mg/kg of GSK744 LA. As 
‘expected, higher plasma concentrations correlated 
with higher tissue concentrations (Fig, 1C). The 


ratio of mean rectal tissue to plasma concentra- 
tions (T:P) was 0.21 (range fom 0.08 to 0.54) 
‘The animals treated with GSK744 LA at 30 mgikg. 
‘were necropsied 3 weeks after the second dose, 
‘and various tissues were analyzed for GSK744 
(table $1). The drug was consistently identified 
in various regions of the gastrointestinal tract 
(colon, ileum, jejunum, and duodenum) with TP 
similar to that observed for rectal tissue, GSK744 
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Fig. 3. Plasma GSK744 levels that protected against repeated SHIV exposures. Twelve male 
macaques were injected IM with GSK744 LA at 50 mg/kg (four of 12.5 mg/ka) 1 week before the frst 


virus exposure, Four macaques remained untreated as 


controls. All animals were challenged IR each week 


with 50 TCIDso of SHIV162P3 until infection was confirmed. (A) (Top) Plasma GSK744 concentrations 
{rom individual macaques. Open symbols correspond to first detection of viral RNA. Dotted and dashed 
horizontal lines represent 1x and 4x PAICog, respectively. LOQ > 0.01 ygiml. (Bottom) Viral loads of 
G5K744 LA-treated macaques. Dotted line represents the LOQ at >40 SHIV RNA copies per mililiter of 
plasma. (B) Kaplan-Meier plot demonstrating the delay of infection in GSK744 LA-treated macaques 


(n = 12) relative to untreated control macaques ( 
first experiment. (C) Rate of SHIV infection wit 


12; 4 from the current experiment and 8 from the 


various ranges of GSK744 concentrations in plasma. 


The numbers above the bars represent the number of infections!number of challenges within a plasma 
concentration range. Plasma concentrations >3x PAICoo yielded 100% protection, whereas concentrations 
>1x PAlCoo resulted in an infection rate of 1.2% (0/59 and 122). Compared with a 46.2% (12/26) 
infection rate in the placebo macaques, one can calculate a protective efficacy of ~97% in macaques with 


drug concentrations >1% PAICoo. 


‘was detected in all lymphoid tissues analyzed, 
including cervical, inguinal, mesenteric, and ax- 
ily lymph nodes as well as tonsil and spleen, 
The highest GSK744 concentration in tissue 
‘was found in the liver, which may be due tothe 
uplake of nanoparticles by Kupfer cells (23), The 
muscle tissues at injection sites had the lowest 
GSK744 concentration, sugesting that the drug 
‘was largely released by the time of necropsy. 
To evaluate the efficacy of GSK744 LA as 
PrEP, we used a repeat low-dose rectal challenge 
macaque model (24-28), which was developed 
to more closely mimic HIV-1 exposures in humans 
Previously, using the same model, oral FTC/TDF 
demonstrated protection as observed in the iPrEx 
study among adberent volunicers (26). The easier 
PK results from 10 and 30 mgiky of GSK744 LA 
dosing indicated that a dose of 50 mgkg would 
likely maintain plasma concentrations comparuble 
to those in GSK744 LActreated humans through- 
‘ut the dosing period. Eight macaques were there- 
fore injected IM with 50 mgkkg of GSK744 LA 
attwo time points 4 weeks apart, starting 1 week 
bofore the first virus exposure (Fig, 2A), and an 
additional eight macaques remained untreated 


as controls, Both groups of macaques were chall- 
Ienged by nontraumatic inoculation of | ml of 
SHIV162P3 (50 TCIDso) into the rectal vault 
through a sterile gastric feeding tube, The ma- 
‘caques were similarly challenged weekly for up 
to eight challenges or until infection was confirmed 
by real-time reverse transcription polymerase chain 
reaction amplification of viral gag sequences from 
plasma. GSK744 LA-treated animals remained 
aviremic as assessed by weekly measurements 
during the challenge period as well as the wash- 
‘out phase (Fig. 2B). In contrast, untreated ma- 
caques became infected during the challenge 
period, requiring a median of two challenges (range 
from 1 to 7; Fig. 2, B and C). GSK744 LA-treated 
macaques had a 28,2-fold [hazard ratio, 95% 
confidence interval (CI) 5.8, 136.8] lower risk 
of infection compared with untreated macaques 
(P< 0.0001, log-rank test) 

As expected, dosing macaques with GSK744 
LA at 50 mg/kg yielded mean drug exposure 
above 4 PAICsy (Fig. 1A) throughout the period 
of virus challenge, The interanimal variability 
in PK (Fig. 2D) was anticipated on the basis of 
similar results observed in humans. All macaques, 


except ELI1, maintained plasma drug concen- 
trations >4* PAICy, throughout the challenge 
period. GSK744 concentrations in the plasma 
of EL1J fell to 0.50 g/ml for the last challenge 
(week 7), whereas the other macaques sustained 
plasma drug concentrations >4» PAICog through 
‘weeks 7 to 12. The f\2 of GSK744 LA in mon- 
keys was indeed shorter, ranging from 5 to 12 
days. Nevertheless, the mean plasma GSK744 
concentrations achieved in the protected mac- 
aques closely parallel plasma concentrations 
measured in humans administered 2 single, 
800-mg intramuscular dose of GSK744 LA 
(fig. SI). 

‘SHIV-specific antibodies in plasma were de- 
tected by means of an enzyme immunoassay 
in all untreated controls 1 to 3 weeks after viral 
RNA deicetion but were not detected in any 
GSK744 LA-treated macaques throughout the 
study (table $2). Proviral DNA was not iden- 
tified in PBMCs from any drug-treated macaque 
throughout the study (table $2). Further vito- 
logic studies were performed to verify that the 
GSK744 LA-treated macaques were not locally 
infected despite lacking evidence of systemic viral 
dissemination. The macaques were necropsied 
19 weeks after the first challenge, and tissues at 
the sites of virus inoculation and draining lymph 
nodes were analyzed for the presence of proviral 
DNA. To increase the sensitivity of the assay, 
‘we enriched rectum and colon tissues for mu- 
cosal mononuclear cells before analyzing the 
tissues for proviral DNA, No proviral DNA was 
detected in any of the samples, with the excep- 
tion of the rectal mucosal mononuclear cells from 
ELLI, where a positive signal below the limit 
of quantitation was observed (2 positive out of 
20 wells assayed) (table S2), Although proviral 
DNA was detected at an extremely low level, a 
productive systemic infection was never estab- 
lished during the 9 weeks of follow-up when 
plasma GSK744 concentrations were below the 
limit of detection, 

‘A follow-up experiment was then performed 
to determine the minimal drug level that affords 
protection against repeated low-dose IR SHIV 
challenges. Twelve macaques were injected IM 
with 50 mg/kg of GSK744 LA once | week be- 
fore the first ius exposure. AIl macaques were 
challenged IR each week with $0 TCIDs5 of 
SHIV162P3 until systemic infection was detected. 
‘An additional four macaques remained untreated 
as controls, In anticipation of the long duration 
of the experiment, one control macaque began 
the series of virus challenges every 4 weeks, All 
control macaques became infected quickly, after 
1 or 2 challenges, as evidenced by rising vire~ 
mia (fig. S2). GSK744 LA-treated macaques 
remained aviremic throughout the initial phase 
of SHIV challenges, but as the plasma drug con- 
centrations dectined (Fig. 3A, top) they became 
infected, gradually and successively (Fig. 3A, 
bottom). Overall, the treated animals were in- 
fected alter 6 to 17 (median of 10) virus chal- 
lenges compared with 1 to 7 challenges (median 
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of 2, based on data from untreated macaques 
from both experiments) for untreated controls, 
(Fig, 3B), Thus, a single dose of GSK744 LA 
delayed infection by 5 to 10 challenges (median 
‘of 8) compared with untreated macaques. As- 
suming a 2-week eclipse phase between the start 
of infection and detection of viremia, we calcu- 
lated plasma GSK744 levels that coincided with 
the start of SHIV infection (fig. S3). All infec 
tions occured when the plasma drug concen- 
trations were below 0.50 jigiml, or ~3 PAICs 
‘A more detailed analysis was then carried out to 
calculate the percent of virus challenges that re- 
sulted in infection within various ranges of plas- 
ma GSK744 concentrations (Fig. 3C). The 12 
GSK744 LA-treatod macaques were collectively 
exposed to 59 SHIV challenges at plasma con 
centrations >3* PAICyo, and none resulted in 
infection. One of 22 challenges at plasma con- 
centrations between Ix and 3 PAICag led to 
infection. As plasma GSK744 concentrations 
decreased below 1* PAICoo, 11 infections re- 
sulted from 43 virus challenges, yielding an in- 
fection rate of 25.6%. This value was lower than 
the 46.2% (12/26) infection rate observed in 
untreated macaques, but the difference was not 
statistically significant (P = 0.11, Fisher's exact 
test). On the basis of the analysis shown in Fig, 
3C, we determined that plasma GSK744 concen- 
trations >3% PAICy9 conferred 100% protection, 
‘whereas concentrations >1* PAICy, conferred 
~97% protection (see legend tor calculation). No 
signature integrase resistance-conferring mu- 
tations were identified in breakthrough viruses 
(table $3). This second experiment not only de~ 
fined the correlate of protection but also con- 
firmed the results of the first experiment by 
showing that sufficiently high but clinically 
achievable GSK744 concentrations could effec- 
tively protect all macagues from repeated IR 
SHIV challenges. 

GSK744 LA appears to be a promising next- 
‘generation PrEP agent that has afforded high-level 
protection against repeated IR SHIV challenges 
in rhesus macaques (Figs. 2B and 3B). Plasma 
drug levels >3 PAIC3p provided 100% protec 
tion, whereas levels >1 PAICop provided ~97% 
protection (Fig, 3C). These plasma concentra 
tions can be readily achieved in humans with 
«quarterly 800-mg IM injections of GSK744 LA 
(Fig. 1B and fig. S1). Given thatthe half-life of 
GSK744 LA is 3 to 12 days in macaques where- 
as the half-life is 21 to 50 days in humans, we 
anticipate a longer-lasting protective effect in 
hhumans. Nevertheless, the proof will have to be 
demonstrated in future clinical trials. Optimis- 
tically, ticity issues not withstanding, GSK744 
LA has the potential to achieve in preventing HIV-1 
infection what a long-acting contraceptive has 
achieved in preventing unintended pregnancies 
(29), It also stands to reason that the protective 
efficacy of GSK744 LA could approximate the 
high efficacy (90%) observed in high-risk par- 
ticipants who were most adherent to daily oral 
FICITDF as PrEP (3, 6), These considerations, 


coupled with a favorable drug safety profile, 
have placed GSK744 LA on track for phase 2 
(safety) clinical tras as well as a phase 3 (cicacy) 
study in men who have sex with men, Follow-up 
rmacague experiments to protect against intra- 
‘vaginal and intravenous SHIV or SIV challenges 
could establish the proof of cancept to move into 
efficacy tials in other populations at high risk 
for HIV: infection, 
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Altitudinal Changes in Malaria 
Incidence in Highlands of 
Ethiopia and Colombia 


AS. Siraj,* M, Santos-Vega,2* M. ]. Bouma,? D. Yadeta,* D. Ruiz Carrascal,** M, Pascual” 


The impact of global warming on insect-borne diseases and on highland malaria in particular 
remains controversial. Temperature is known to influence transmission intensity through its effects 
on the population growth of the mosquito vector and on pathogen development within the vector. 
Spatiotemporal data at a regional scale in highlands of Colombia and Ethiopia supplied an 
opportunity to examine how the spatial distribution of the disease changes with the interannual 
variability of temperature. We provide evidence for an increase in the altitude of malaria 
distribution in warmer years, which implies that climate change will, without mitigation, result in 
an increase of the malaria burden in the densely populated highlands of Africa and South America, 


he impact of warming temperatures on 
| highland malaria remains a subject of de- 
bate (/-7). Malaria is a multifactorial dis- 

ease, because the etiological agent has a complex 
life cycle requiring an insect vector, andthe fac~ 
tors that regulate its distribution and abundance 
are diverse and complex (8). Despite the expecta- 
tion that global warming should lead to an increase 


in the altitudinal range of malaria, empirical evi- 
dence for this phenomenon is lacking, and the 
attribution of trends to specific factors remains 
<ificult because of multiple divers, including drug 
resistance, land-use change, human migrations, 
‘and access to health facilites (9, 10), An increas- 
ing altitudinal range implies the potential for an 
increased burden of malaria with climate change, 
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‘especially for countries of East Affica and South 
‘America with densely populated highlands that 
have historically provided havens from this dev- 
astatng disease (//), Colder temperatures at higher 
altitude in these tropical latitudes slow down and 
even halt the development of the parasite inside 
the mosquito vector, decrease the rate of repro 
duction, and reduce the biting rate of the vector, 
‘minimizing, if not preventing, transmission (8). 

In recent decades (1970-2000), pronounced, 
increases in malaria incidence have been docu- 
‘mented at several locations in Affica (1, 2,12) for 
‘which long-term temporal records exist and which 
precede the greater intervention efforts ofthe past 
decade (/3). Disease trends, no less than climate 
‘warming trends in earlier studies (6, 14-16), gen- 
crate debate (5), but what has been missing is 
analysis of spatiotemporal records. Although 
range shifts have been documented with empir- 
ical evidence for the distribution of several plant 
and animal species (17, 18), similar patterns in 
‘ector-bome illnesses and pathogens of humans 
remain largely unexplored. An increasing inci- 
dence with altitudinal elevation in warmer years 
‘would be a clear signal of the response of high- 
Jand malaria to changes in climate 

Hence, we looked for evidence of a changing 
spatial distribution of malaria with varying tem- 
perature for overa decade in highland regions of 
northwest Colombia and central Ethiopia (fig. $1), 
To do so, we considered temperature variability 
at interannual time scales rather than long-term 
trends, Temporal associations between malaria 
and climate variability have been described for 
endemic regions of Colombia (19, 20) and for 
epidemic regions in the highlands of Ethiopia and 
other East African countries (2, 2/, 22). Thus, we 
specifically asked how temperature variability in- 
fluences the spatial distribution of disease inci- 
dence along altitudinal gradients. 

‘The records we used consisted of monthly Plas- 
‘modium falciparum cases for 124 municipalities 
in the Antioquia region in westem Colombia for 
1990-2005 and for 159 administrative unis, known 
as kebeles, in the Debre Zeit area of central Ethi- 
copia for 1993-2005 (23) (igs. SI and $2), When 
‘we clustered kebeles or municipalities on the ba- 
sis of similar spatiotemporal dynamics (23), the 
resulting communities exhibited significant dif- 
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ferences in altitude (Fig, 1). The importance of 
altitude to the spatial distribution of the disease 
‘was reflected in the observation of a decrease in 
malaria incidence as altitude increased, as expected 
from the concomitant decrease in temperature 
(ig. $6). This classic feature ofthe epidemiology 
‘of malaria was frst reported in the 19th century 
(24, 25). 

Because the absolute number of malaria cases, 
from one year to the next can vary in relation to 
several demographic and environmental factors, 
‘we wanted to compare the spatial distribution of 
ceases actoss years in a way that is independent 
of the temporal variation, including of long-term 
trends, inthe total bunen of disease. Hence, we 
built cumulative distribution curves for yearly 
‘cases during the epidemic season across the ele- 
vation gradient (23). The altitude correspond- 
ing to the median of this cumulative distribution 
is the “median altitude.” The median altitude 
changed with time to reflect the movement of the 
distribution up or down the altitudinal gradient, 
Figure 2, A and D, illustrate these pattems for 
two given years and shows that the median al- 
titude for case distribution changed across years 
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as a function of the average temperature in a 
critical period preceding the epidemic season 
(Fig. 2 and fig. $5). Thus, the median altitude for 
‘case distribution increased with mean temper- 
ature (Fig. 2, B and E), and malaria cases oc- 
curred at higher elevations in warmer years, 
notably in 1997 and 2002, in both regions Fig. 2, 
and F), This synchrony between continents 
(26) may be related to above-normal global tem- 
‘peratures that accompany E Nifo events. Similar 
results were obtained for quantiles of the cu- 
imulative distribution above the median (fig. $7), 
‘which showed that the change in the spatial dis- 
tribution did not concentrate in its center but af- 
fected its whole upper part (sce also fig. S8). 
‘Vector control by spraying residual insecti- 
‘cides was scaled-up after the 2002-2004 epidem- 
ic in Ethiopia and has resulted, in combination 
‘with more effective medication, in a consider- 
able reduction of cases (13), Because the limited 
insecticide-spraying operations before 2004 may 
have been restricted to the lower-altitude contours 
that are typically considered epidemic-prone, we 
‘examined whether selective spraying of lower al- 
titudes could account forthe altitudinal shifts seen 


com 


nase 


Fig. 1. Geographical areas based on similar temporal dynamics of malaria cases correspond to 
different elevations. (A and C) The three different sets of administrative units categorized by temporal 
patterns of monthly cases in the study regions in Ethiopia and Colombia, respectively, These sets were 
‘obtained with a Bayesian grouping algorithm that identified locations based on similar temporal dynamics 
Using a nonparametric Markov transition model (23). (B and D) The corresponding elevation maps, with 
‘elevation weighted by the population sizes within each location The identified sets correspond to significant 
differences in altitude [analysis of variance (ANOVA), P << 0.01 for (A) and (O), eastern region, and P << 
0,001 for (C), western region]. Municipalities not included in the analysis are shown in white; these 
‘correspond to locations in Colombia with either incomplete time series or no malaria (above 2600 m). 
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in the malaria case data, Specifically, because our 
information fom Debre Zeit specifies the kebeles 
that have received spraying since 1994, we were 
able to exclude these locations from the analysis 
‘and to confirm that our results on the median alti- 
tude for the case distribution remain unchanged 
(ig. $9). 

‘Spraying operations in Colombia were scaled 
‘back when eradication efforts ceased, particularly 
after 1993, when low-cost DDT was banned. Be- 
tween 2000 and 2007, Colombia reported no in- 
secticidal residual spraying (IRS) operations (27), 
‘and vector control is not likely to have skewed 
‘malari’s altitudinal distribution in our Colombian 
study area, Rainfall and the variation of rainfall 
‘between years re also not likely to have biased 
‘our results, Over the altitude ranges in both re~ 
‘gions, monthly rainfall during the wet season 
exceeds 80 mm, which is considered optimally 
suitable for malaria transmission (28). Further- 
‘more, over these ranges, rainfall increases with 


altitude in Ethiopia but decreases in Colombia 
(29) Despite differences in rainfall regimes and 
im local vectors and vector ecology, which give 
rise to noticeable differences between the sea- 
sonality of malaria in both regions (fig. $3), the 
‘comparable response in both countries of ma- 
Jaria distribution to temperature variations high- 
lights the importance of this climate parameter 
im highland areas. 

To analyze the variation in incidence with 
temperature and altitude, we fitted a negative 
‘binomial regression to the monthly cases (23). 
Covariates included season, altitude, and linear- 
ly de-trended temperature (lagged by 3 months), 
‘where the latter represented a regional mean value. 
Model selection [based on the Akaike information 
terion (AIC)] was used to compare models with 
different numbers of covariates and their inter- 
actions, For both regions, the best model included 
temperature, seasons, and altitude, as well as a 
mix of the two-way and three-way interactions 


between these covariates (Table 1). More im- 
portantly, the best statistical model showed a 
significant positive effect of mean temperature 
‘nthe logarithm of malaria cases for both regions. 
This effect corresponded to a percent change in 
ceases between 35 and 64% per 1°C for kebeles in 
Ethiopia at the peak of the malaria season (fig. 
S10 A), In Colombia, this rate ranged between ap- 
proximately 10 and 80% fom the highest to the 
lowest municipalities (fig. S10 B). 

Our results showed that despite being on two 
different continents, in these two highland regions, 
increases in temperature across years extended 
the spatial distribution of malaria cases to higher 
elevations. The implication is that global warm- 
ing will increase the risk of contracting highland 
‘malaria in the future. The rapid climate variations 
associated with the pronounced topographic het- 
‘erogencitis of highland regions are poorly cap- 
tured by the coarse resolution of global circulation 
‘models and their future projections (30), and the 
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Fig. 2. Changes in altitudinal distribution of malaria cases with mean. 
temperature across years. Alttudinal cumulative distributions of cases for 
Ethiopia (top row) and Colombia, western region (bottom row) are shown as a 
function of time, as well as mean temperatures preceding the transmission 
season. (A and D) The altitudinal cumulative curves generated with the 
incidence data in two given years, together with the location of the SOth 
percentile and its corresponding altitude. By definition, this isthe altitude at 
which 50% of the cases occur below and 50%, above in the altitudinal 
‘gradient. A shift of this cumulative curve to the right indicates that more 
malaria cases have occurred at higher altitudes in a given year. This does not 


mean the number of cases has increased from 1994 to 1997 but that the 
distribution of the disease has moved toward a higher elevation. (B and E) 
The corresponding scatter plots of the median altitude against these tem- 
peratures, demonstrating a movement ofthe distribution to higher altitudes 
in warmer years for the two highland regions. (C and F) show the yearly 
Variation in the median altitude of cases (blue line), together with the mean 
temperatures in the critical 4-month window for the two regions (red line) 
(fig. 55). Uncertainty in the median value is estimated by bootstrap resampling 
(23) and is shown as 1 SD in the plots. (The eastern region of Colombia 
exhibits similar patterns to those shown here forthe western region.) 
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intricacies of mountain climates may complicate 
local climate change predictions. Moreover, high- 
lands tend to be poorly covered by the global net- 
‘work of meteorological stations (29); however, 
because of the potential attribution of rising ma- 
Jaria to climate warming, station temperature 
reconds in East Affican highlands have received 
more attention (J, 14, 15). In particular, at the 
Debre Zeit tation, significant trends in rising day 
‘and night temperatures are uncontroversial (31). 
In Colombia, highland areas are warming faster 
than the surrounding lowlands; a pattem reflected. 
in weather station data and previously suggested 


Table 1. Parameter estimates for the negative 


bby atmosphere-ocean coupled general circulation 
models (32, 33). 

‘The spread of chloroquine resistance has been 
proposed as the main reason behind the inereas- 
ing trends in malaria time series in the Kenyan 
highlands (9). Our retrospective data sets ean be 
‘extended backward in time to the carly 1980s 
{albeit with no spatially explicit information) for 
the whole aggregated region of Debre Zeit in 
Ethiopia and for a single municipality, Anori in 
Colombia, and for both parasites, P. falciparum 
and P vivax (Fig. 3 and fig. S4) (23), Although 
«drug resistance to chloroquine almost exclusive~ 


jomial regression model. 


Coefficient (standard error) 


Covariates 
Ethiopia Colombia (western region) 
Gntercept 9.3348 (0.0402)""" 37.1670 (5.2322)"* 
Season factor 9.6623 (0.3509)""* 23,8540 (5.7220)*** 
Temperature 0.1880 (0.0316)""* 1.3730 (0.2740)""" 
Altitude 0.0037 (0.0001)""* 0.0004 (0.0010) 


Temperaturesaltitude 
Temperature:season 
Seasonvaltitude 
Season:temperature.altitude 


0.0002 (0.0001)"** 
0.8437 (0.3919) 
0.0091 (0.0010)"** 
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11.7047 (3.0020)** 
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Fig. 3. Temporal trends in temperature and malaria cases for the whole region of Debre Zeit 
(Ethiopia). The malaria cases for P. falciparum and P. vivax top panel) are shown withthe corresponding 
mean temperatures (bottom panel). Both P falciparum and P. vivax cases exhibit an increasing trend from 
the 1980s to the end of the 1990s. So does mean temperature by 1°C in 378 months (estimated as a 
linear trend), An increase of 1°C corresponds to an additional 2166 cases during the main transmission 
season (from September to December). This malaria increase overtime is consistent with what is expected 
from the trend in temperature, given the described change in cases with the interannual variation of 
temperature over a shorter time period (23) (fig. $11). A long-term trend in cases is also shown for 
Colombia but fora single municipality (fg. 54). 
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ly applies to P. falciparum [and this was also 
the case in the Debre Zeit region (34)], the 
longer time series of cases show similar increas- 
ing trends from the 1980s to the 1990s for both 
parasites in both countries. This increase oc- 
‘curred before the intensification of vector control 
and treatment of the past decade led to lower 
levels of malaria (3). 

Climate change appears to have already 
influenced the burden of malaria in these regions 
Specifically, the trend for malaria in Ethiopia 
since the 1980s (Fig, 3) s consistent with the rate 
‘of change we would expect from the interannual 
variation inthe spatiotemporal data (23) (fg. S11). 
‘This expected change is approximately 2160 cases 
per degree Celsius over a season (September to 
December), and the value obtained from fitting 
Tinear trends to both the P. falciparum and tem- 
perature time series is of similar magnitude: 
2310 cases. Consistent values were also obtained 
for Colombia (23) (fig. $1), although these val- 
‘ucs are smaller because the long time series con- 
ccem a single municipality with a small population, 
‘and not the whole region studied, This means that 
the change expected from inereasing tempera- 
tures alone can account for the retrospective tem- 
poral trend in cases observed in the recent past at 
both locations, 

It has been argued that the global effect of 
climate change on malaria will be negligible as 
compared with the potential impact of inter- 
vention and improved socioeconomic conditions 
(35). However, in the East African highlands a 
strong temperature-determined malaria lapse rate 
persists (7). Elevated potential transmission in- 
tensity, driven by warmer temperatures, will re 
‘quire even greater control efforts, especially in 
countries such as Ethiopia with large popula 
tions at high elevation. In the altitude range of 
the Debre Zeit sector, between 1600 and 2400 m, 
approximately 37 million people live in rural 
‘areas at risk of malaria, which corresponds to 
43% of Ethiopia’s total population, Based on 
Ethiopia's current population size and the malaria 
lapse rate from pre-control mass survey prevalence 
data since the 1930s (36), we had previously es- 
timated that a 1° rise in temperature would result, 
‘without mitigation, in an additional 410,000 in- 
fections per year as a result of the teritorial ex- 
tension of malaria (//). An additional 2.8 million 
‘annual infections would occur in the population 
‘younger than 15 years of age living at altitudes 
‘where the disease would intensify and where 
adults already have a degree of immunity (17), 
‘These estimates were based on the assumption 
of a temperature-dependent shift ofthe disease 
to higher altitudes (37, 38). By supporting this 
assumption, our findings here underscore the 
size of the problem and emphasize the need for 
sustained intervention efforts in these regions, 
especially in Aftica, where more highly anthro- 
pophilic vectors preclude extrapolation from 
the earlier and easier victories made against ma- 
laria atthe fringes of temperate climates (7). For 
tunately, the control of malaria at the edge of its 
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altitudinal distribution is considerably easier than 
im highly endemic, lower-clevation regions. De- 
spite Affica’s exceptionally efficient vectors, an 
carly eradication pilot scheme in highland regions 
shows that malaria transmission at altitudes in 
excess of 1130 m (3700 fet) can be fally inter- 
rupted (39), Public health policies should there- 
fore be formulated that mitigate the effects of 
climate change on malaria in highland regions, 
including those policies that extend and sustain 
the network of diagnostic and monitoring facil- 
ities. These measures should further contribute to 
the early waming of epidemics and assist global 
‘malaria elimination, 
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addressing unique applications. The system includes environmental control, 
‘on-board liquid handling, and brightlield capabilities for label-free cellular 
‘monitoring over time-lapse experiments, 
‘nuclear stains in live-cell imaging 


liminating the need for toxic 


Molecular Devices 
For info: 800-635-5577 | www:moleculardevices.com/hes 


LARGE SAMPLE VOLUMES CONCENTRATION 
SampleGenie 3 technology used in conjunction with the Genevac Rack- 
ct Evaporator enables large sample volumes tobe dried directly into vi- 
als, eliminating a number of time consuming sample handling steps and 
the attendant risk of errors, The new third generation SampleGenie en: 
ances the exceptional capabilities of this unique sample concentra 
tion methodology through improved ease of use, enhanced evaporation 
performance, and reduced operational costs, ‘Traditionally, protocols 
for concentration of chromatographic fractions has involved drying mul: 
tiple fractions ia an evaporator, resuspending pooled fractions into a 
single vial and then redrying before storage and analysis, Even with mod- 
cern centrifugal evaporators such processes typically take two to three 
days to complete, The development of SampleGenie technology has 
heen shown to enable samples in Genevac evaporators to be concen: 
trated, without logs of volatile components, directly into a single GC or 
HPLC vial eliminating the need for reformatting of samples after drying 
Ge 

For info: +44-(0)-1473-240000 | www:evaporatorinfo,com 


ize Analyzer is designed to satisfy busy laboratory needs for high ana- 


SPE SAMPLE PREPARATION KIT 
‘The Microlute SPE sample preparation starter kit contains everything necd- 
ced to begin productive solid-phase extraction (SPE) sample preparation in a 


96-well plate Format, including two development filter plates and a popular 
C18 sorbent Biter plate, 2 mL. collection plates, disposable waste trays and, 
‘most importantly, the Microlute Acrylic Vacuum Manifold. The new start- 
ct kit offers all the advantages of SPE sample preparation in a convenient 
microplate format, capable of rapidly processing 96 samples in one run, 
repeatedly and precisely. Al that is required for fall operation isa suitable 


laboratory vaexum connection or pump, Hanaling samples as small ay 150 
IL, the Microlute SPE starter kit help to increase analytical sensitivity by 

Injectinn cleanup and eancehtratinn, Two "Development Mi- 
in the kt are preloaded with eight different sorbents to ald 


method development, Once the most suitable sorbent has been identified, 
‘whole plates containing the chosen material ean be ordered for use with the 


Porvair Sciences 
For info: +44-(0)-1978-666240 | www.porvair-sciences.com 


LABEL-FREE PLATFORM 
“The Octet HTX system is the new flagship member of the Octet line of 
Iabel-free interaction analysis systems. The Octet HTX system addresses 
the acute industry need for inereased analysis speed and sample through- 
put when characterizing large numbers of therapeutic candidates, Octet 
systems provide unique insights into drug-target binding interactions, in- 
sights that are used to fine-tune the affinity and specificity of drug mol- 
ecules, The Octet HTX instrument performs kinetic analysis of up to 
96 binding interactions simultancously, a capability offered by no other 
standalone label-free platform, The system offers dramatic time savings 
for researchers studying large panels of drug candidates, and provides in- 
nnovative data analysis tools for developers of monoclonal antibodies and 
other biotherapeutic entities, In addition, the Octet HTX performs full 
96-well plate determinations of protein concentrations in as little as twa 
minutes. The HTX system was engineered for speed while maintaining 
peak performance, and will directly address critical bottlenecks inthe drug 
evelopment process 

FortéBio 

For info: 650-322-1360 | wwv:fortebio.com 


Electronically submit your new product dascriation ar product literature information! Go ta www.sciencemag.org/productsinewpraduets.dt fr mate information, 


Rrowiy ofored msitumantation, apparatus, and Taboratory matarals GT Warest ro researchers mall Gsaplines mv acaderive, Musial, and gover imental organza 
tions are featured inthis space. Emphasis is givan ta purpase, chief characteristics, and availabilty of products and materials. Endarsement by Sciences ar AAAS of, 
any products or materals mentioned is not implied. Additional information may be obtained from the manufacturer ar supplier. 


www.sciencemag.org/products 
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September 29 - October 1, 2014 
HudsonAlpha Biotechnology Campus 
Huntsville, Alabama, USA 


Bringing together preeminent leaders 
at the intersection of genomics and 


Our Keynote Speakers: 


Christophe Benoist 
Professor, Beeiment of Microbiology and Immunobiology, 
Harvard M 


eta Professo. artment _ 


;, Director, Institute for Immunity, 


inessee, College of 1e, Memphis 
“Inve joward Hust Medical £' rofessor, Department 
of Microbiology and Immunolos 
’ Transplantation, and Infections, tanford University School of Medicine 


presented by 


HUDSONALPHA Science 
INSTITUTE FOR BIOTECHNOLOGY 


to the Bottom of Your 
Signal Transduction Research Faster. 


Run one ELISA instead of multiple Western blots. 
Optimize your experimental parameters with 
ELISAs from R&D Systems. 
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There’s only one 
3 Science 
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Foc full advertising details, goto 
SclenceCareers.og and ick 
For Employers, or call one of 
ur representatives. 


Tracy Holmes 
Worldwide Associate Director 
Science Careers 

Phone: +4 (0) 1223 326525 


‘THE AMERICAS 
E-mail: adverise@sciencecareers.org 
Fax: 202-289-6742 
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Phone: 202-326-6577 

Nancy Toema 
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Marci Gallun 
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Fax: +4 (0) 1223 326532 

‘Axel Gesatzki 

Phone: +44 (0)1223 326529 

Sarah Lelarge 

Phone: +44 (0) 1223 326527 

Kelly Grace 

Phone: +44 (0) 1223 326528 


IAPAN 
Yuri Kobayashi 

Phone: +81-()90-9110-1719 
E-mail: yobayas@aaas.org 


CHINA/ KOREA/ SINGAPORE 
TAIWAN / THAILAND 
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Phone: 486-1367-1015-294 
Erma: ryu@aaas.org 
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MONTEREY BAY AQUARIUM RESEARCH INSTITUTE 


SCIENTIST 
‘The Mantrey Bay Aquarium Rasarh ait (MBAR) sks a Prin vestgater Pi) tadelop and ct eal eam 
niin nth gene ara th fate and impact of ocean graenhouse gases APD nth pyscal or bagel cece 
Dg, oraquivalerterquied. Applicants who are at an early ta mi stage inh cae equiva to asso 
asscit profesor witha demanstated aby to werk an tedsipinry avrement are encuragd to respond 


Applicants saul have amir oft eas of ostacoral work exprincs, piv prsomel management ack 
‘cord, provan ability ta work witha divest grup of panpe, and be capabla of securing extra undirg Avesearch 
focus that includes Insument development for detecting and quantfing key elements and chanical congounds Mat 
actly nluene be poveh and dstibtn maine eran ie desire 


Funded in 1987 bythe late David Packard, MBARI isa nan-pot, private ecsaragaphic march inetiuta. MBAR is 

uniuey dadieatd to merging sence, engineering, and maria operations eapabitis for the purpases of develoaing 

State ahaa inetuments, methods and systems for advancing sini rsearch in the ocean, MBAR Seategi Plan 
vale at hip/seuimberrg/tout/sp/MBARLStatege,Pin_2011 pa 


‘MAAR ors unique opportunities for atianced, tatoo based main research cooative projects belwaen scientist, 
‘engineers, and mine operations pesannl ae srngl encouraged. The succes candidate il be expert to develop 
fat independ esac pagar constant wth hat ethos, Ina, th ae Pl wl i expt ta engage engae 
‘MARI za that focus on deelopret al apiation of tatiana and cle ace absving pats, ig 
‘use achalasia sensors and stud bopsochemial ying ne wae our an 
Mars inloration about MBAR lng th cuenta actin an al valle 
MBAR enjoys cooperate rlatane wih host af rlghbaring acaaic and government ations hip//mbuor ra 
il inuding Stanford Univeray, Hapkins Mazina Staion tha Univesity af Califia at Sara Cri, the Naval 
ule Soo, ad Mass Laing Marine Latoraaris, ofleig many epprluniies fe claborahe research anid 
‘diction. Dur partnerships with tha Meer Bay Argariam ar mertaeyaaquaion ag) a he Canter for 
‘esa lao hp: /woycenterorceeluon og alsa provide que pins er guble auch a or engaging 
poeymakars in the asan sciences. 


Prospective applicants should submit current curriculum vitao, a statoment of research 
‘interests, and the names and addrasses of four professional references, prafeably by May 1,201 


in MoEOR 
Jno Sando Ron, Moe ang, oA S08 364 


Submit by e-mail to: jobs_postdocs@mbariorg protrred), 
by malo fox to (21) 775-1620 


EOE + MBARI Welcomes Disersity 


UNIVERSITY OF Director, School of Veterinary Medicine 
Nel and Biomedical Sciences 
‘The Univenity of Nebraska-Lincoln (UNL) Institue of Agriculture 


i and Natal Resouces (JANR) is sching ents forte positon 
Lincoln ite! Sc feo Sc a nell Sones 
(SVMS) an Associate Dea, Pofssonal Program in Vetesnay Medicine (PPV) 


The Ditector of the SVMBS is dieclly responsible for oversight af the esearch, teaching and extension! 
outreach programs, including management ofthe Nehrasks Veterinary Diagnostic Center, the Professional 
Program in Veterinary Medicine (PPVM) -a joint DVM program with lowa State University ~ and clinical 
education programs emanating from the Great Plains Veterinary Educational Center (GPVEC), The SVMBS 
has a tradition of excellence in graduate education an research with an emphasis on infectious diseases, 
immunology, and neurosciences: the Direclor will provide leadership and insight for these programs as wel. 
The Director reports o the Deans of the ARD, CASNR, and Extension at UNL. As the Associate Dean ofthe 
PVM the successful candidate alsa reports tothe Dean of the lowa State University College of Veterinary 
“Medicine. The Associate Dean is responsible for on-going coordination of the professional program ith 
students located atthe Iowa State University College of Veterinary Medicine andthe UNL SVMS. Visit 
the SVMBS web page for additional information at hip:/vbms-un-ed 
Candidates must possess (1) Doctor of Veterinary Medicine (D.VM) or equivalent and advanced degree or 
Board Cenification in a recognized veterinary specialty: (2) a record of scholarly achievements and quali- 
fications for appointment a tenured, Fill professor in the School of Veterinary Medicine and Biomedical 
Sciences; and (3) a documented record af collaborative leadership experince in higher education, business, 
fr non-profit organizations. Earned Doctor of Philosophy (Ph,D.) ar Doctor af Science (D.Se.) degree in 
‘veterinary seience or closely related field, excellent communication skills and excellent interpersonal sills 
ae preferred, 
[Nebraska ranks #4 in the US in total Hivestack receipts and livestock products account for about 2/3 of 
[Nebraska's farm income. Historically, Nebraska has ranked #1 in commercial red meat production, # in 
commercial cate slaughter, and #2 in cattle and calves. In February 2014, Nebraska became the #1 cattle 
feeding state in the nation, 
To view the details and make pplication, goto http(/employmentunl.edu, Search for position #E_1AO012. 
Click on “Apply to this job.” Complete the application and attach a letter of interest, curricula vite, 
contact information for three professional references, anda one-page statement of administrative philosophy 
(Other. Review of Applications will begin om April 13, 2014, and continue wat the postion is filled or 
the search is closed 

The University of Nebraska has an active National Science Foundation ADVANCE gender equity 

‘program and is committed t a pluralistic campus community through Affirmative Action, Equal 

Opportunity, work-life balance, and dual careers. 


WY West Viginia University 


The Department of Microbiology, Immunology and Cell Biology 
West Virginia University School of Medi 


Assistant Professor Faculty Position in Infectious 
Disease Research 


‘The Department of Microbiology, Immunology and Cell Biology 
ssecks a distinguished scientist for an Assistant Professor position to 
further its scientific exploration and discovery that targets preve 
tion and treatment of infectious disease, The selected candidate will 
exhibit potential for significantly advancing discoveries in bacterial 
pathogenesis. He/she will hold a primary faculty appointment in 
the Department of Microbiology, Immunology and Cell Biology 
in the WVU School of Medicine. 


‘This recruitment provides an exceptional opportunity to partici- 
pate in robust, interdisciplinary basic and translational research 
and training programs in a highly collaborative atmosphere. The 
‘successful candidate will be a recognized investigator, with a PhD 
or MD/PhD degree, and a track record of independent research, 
demonstrated by high quality publications in peer-reviewed 
journals. Preferably, the selected candidate will bring research 
funding commensurate with the position to continue the pursuit 
of a relevant infectious research agenda. The appointed faculty 
will be provided with laboratory space and start-up funding for 
conducting infectious disease research and will be expected to 
contribute to the teaching mission of the department. The WVU 
Health Sciences Center is opening a newly constructed A/BSL3 
facility in the spring of 2014, which will afford the successful 
candidate with the facilities to conduct research on agents requir- 
ing a high-containment laboratory. 


Founded in 1867, West Virginia University is 1 of only 11 research- 
intensive land-grant institutions offering a Health Sciences campus 
with accredited Schools of Medicine, Dentistry, Nursing, Phar- 
macy, and Public Health. The WVU Health Science campus. 
located in close proximity to WVU campuses that house the Eberly 
College of Aris & Sciences, the Davis College of Agriculture, 
the College of Business & Economies, the College of Creative 
Arts, The Benjamin M. Statler College of Engineering & Mineral 
Resources, the Perley Isaac Reed School of Journalism, and the 
College of Law. WVU is West Virginia's only comprehensive 
doctoral-granting institution and is its major research institution, 
performing research that is sponsored by the receipt of over $138 
million in contracts and grants annually. The Camegie Foundation 
for the Advancement of Teaching classifies WVU as a comprehen- 
sive doctoral institution with medical programs placing it among 
only 50 such public and 28 private institutions nationwide 


Nominations, applications (including a cover letter, esearch state- 
ment, vitae, and a list of 3 professional references), expressions of 
interest, requests for information, or confidential inquiries should 
be directed (preferably electronically) to: 
Rosana Schafer, Ph.D., Chair, Search Committee 

clo Tammy S. Miller (tsmiller@hse.wvu.edu) 
Department of Microbiology, Immunology and Cell Biology 

‘West Virginia University School of Medicine 

Morgantown, WV 26506-9177 


‘The position remains open until filled. 


invites applications for 


Open Rank Faculty Position in Neural Injury-Related 
Inflammatory Disease Research 


The Department of Microbiology, Immunology and Cell Biol- 
ogy (hitp://medicine.hse.wvu.edu/micro/) seeks a distinguished 
scientist as tenure-track faculty (rank open) to further its scientific 
exploration and discovery that targets prevention and treatment 
of inflammatory disease associated with neural injury or neurode- 
generation, The successful applicant will hold a primary facult 
appointment in the Department of Microbiology, Immunology 
and Cell Biology as well as membership in the WVU Center for 
Neuroscience (http://www.hse.wvu.edu/wvuen!) in the WVU 
‘School of Medicine. 


This joint recruitment with the Center for Neuroscience provides 
an exceptional opportunity to participate in robust, interdisciplin- 
ary basic and translational research and training programs in a 
highly collaborative atmosphere. The appointed faculty will be 
expected to conduct research on CNS inflammatory disease and 
teach immunology to medical, graduate and undergraduate stu- 
dents. The successful candidate will be a recognized investigator 
with a PhD or MD/PhD degree and a track record of independent 
research, demonstrated by high quality publications in pe 
reviewed journals and extramural funding commensurate with 
years of experience. Preferably, the selected candidate will hold 
active extramural funding in order to integrate rapidly with ongo- 
ing research at the intersection of immunology and neuroscience. 
Dedicated laboratory space and competitive operating funds will 
be made available. 


Founded in 1867, West Virginia University is | of only 11 research. 
intensive land-grant institutions offering a single health sciences 
campus with accredited Schools of Medicine, Dentistry, Nursing, 
and Pharmacy and a formative School of Public Health. WVU 
is West Virginia's major research and development center, and 
its only comprehensive doctoral-granting institution, Our faculty 
conduct research totaling over $138 million in sponsored contracts 
and grants per year. The Camegie Foundation for the Advancement 
of Teaching classifies WVU as a comprehensive doctoral institution 
with medical programs — placing it among only SO such public 
and 28 private institutions nationwide, 


Nominations, applications (including a cover letter, vitue, and list 
of 3 professional references), expressions of interest, requests for 
information, or confidential inquiries should be directed (pretier- 
ably electronically) to: 
David Siderovski, Ph.D., Chair, Search Committee 

clo Tammy S. Miller (tsmiller@hse.wvu.edu) 
Department of Microbiology, Immunology and Cell Biology 

‘West Virginia University School of Medicine 

Morgantown, WV 26506-9177 


The position remains open until filled 


West Virginia University is an Affirmative Action/Equal Opportunity Employer and is the recipient of an NSF 
ADVANCE award for gender equity. WVU is a tobacco-free campus. 
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POSTDOCTORAL POSITION 


BREAST CANCER TRANSLATIONAL RESEARCH 


The Norma J. Vinger Center for Breast Care is seeking a talented 
postdoctoral fellow to work as a Research Scientistin conjunction 
with Dr. Simon Shelley conducting breast cancer research with 
Gundersen Medical Foundation in La Crosse, Wisconsin, The 
postdoctoral position will continue for up to four years. Experience 
With a broad range of molecular and cellular biology techniques is 
required with translation research directed towards breast cancer 
prevention, early cancer detection and diagnosis, and/or clinical 
molecular pathology. The successful candidate willbe expected to 
contribute to undergraduate, graduate and professional teaching, 
and actively engage in community out-reach, 


All candidates must have @ Ph.D. and/or M.D. degree and evidence 
of first author papers published or accepted in peer-reviewed 
Journals. The candidate will also have excellent written and verbal 
‘communication skills, and strong analytical capabilites. 


Salary forthe position will be commensurate with education 
and experience. Qualified applicants should apply on-line at 
‘gundersenhealth.org/research-fellow. Review of the applications 
will begin on May 1, 2014, The position will remain open until filled. 


‘An overview of the Norma J. Vinger Center for Breast Care is 
available by visiting gundersenhealth org/breast-care, 


GUNDERSEN 


FOUNDATION 


Gunderien Health System isan 
Afamative Action/Equal Opportunity Employer 


Swims 


eeues eNus 


TEMASEK RESEARGH FELLOWSHIP (TRF) 


A giobaly connected cosmopolitan city, Singapore provides 2 
Supportive emuonment frm bran! easaareh cuir. te undersea 
Nanyang Technological Univesity (NTU) Natonl Univers of 
Singapore (NUS) anc Singapore Uriversy of Technology ahd Design 
(SUTD) invite outstanding young rosvarchors te apoly for ho 
prostalous TRF awards 


Under tne TRE scherre. selected young researchers wth a PRO 
degree have an opportunity i eanduct and feed defenceeated 
resoarah Wolfers 


‘+ A3-yoar rossarch grant of upto S81 millon commensurate with 
the scope of work Wan an option to extend for anotner years 

‘+ osidoctoral or tonure-track appointment (eligi fer tenure 
{eock wil be determined by We university) 

‘+ Altactve and compettive remuneration 


Fellowa may lead, conduct research and pubish in these area 


+ Seamless RF Generator 

2 High Power Laser Diodes 

2 Cogntive Science for Machine tnttionee 

2 Cyber Security 

2 Mgchine intltgence — Software Avenecture se Autonomy 
nator 


For more information and aooteston procedure, please Sk: 
NTU. hii ntuedu.satrtindes thin 
NUS. hile nus edu aatcuninglt it 
SUTD — hits fv suld edu sant 

Closing date: 24 Apt 2014 (Monday) 
‘Shertsted candicates wil be invited te Singapore to prosort their 


researan plons, eet local resenrche's and erty potent 
olaboratorsn July / August 2074, 


Assistant Professor/Associate Professor/Professor 
Department of Cell Biology 
The University of Miami Miller School of Medicine (UMMSMM) is extending 
its ongoing investment in stem cll research and has openings for tenure-track 
faculty postions at all levels. The initiative isa collaborative enerpise at 
JUMMSM and comprises the Department of Cell Biolog, the Miami Projecto 
Cure Paralysis (MPCP), the Sylvester Comprehensive Cancer Center (SCCC) 
snd the Interiseiplinary Stem Cell Instime (ISC 
Successful applicants will have demonstrated outstanding basie or 
ransltionalllinieal research relevant wo stem cell biology, transplantation 
andlor egencrative medicine. Areas of interest include the study’ of directed 
cifferentation, reprogramming and morphogenesis involving adult somatic 
stem cells, emiryonie stem eels, or induced pluripotent stem cells. Additonal 
subjects of importance include basic of translational studies of eancer stem 
cells, preferably focusing on breast, o leukemia/lymphoma as well as ther 
related malignancies, In addition, applications are sought from individuals 
whose rescarch employs transplantation methodology or regenerative medivine 
centered on spinal cond injury or cardiology, Successful candidates, with 3 
rack rezord of funding, will have an appointment in the Department of Cell 
Biology. SCI, and the appropriate Center Institute reflecting the candidate's 
area of expertise. 
Applicants must have a PRD and/or MD in Cell Biology. Neurology, Cancer 
Biology or other relate field. Applicant must also be willing to teach gradu 
ste students and participate in university service activities 
activities, i relevant. Interested individuals should submit a CV and short 
summary of research interests to: 
Glen N, Barber, PRD 
(©/0 Christina Villanueva 
1550 NW 104 AVE, 
PAP BLDG — Room 510 (M-877) 
ni, FL 33136 
The University of Miami i an 
Equal Opportunity/Afirmative Aetion Emplayer: 


ind clinical service 


Science Careers isthe forum 
that answers questions. 


Science Careers Is dedicated to 
‘pening new doors and providing 
‘umely answers to the career 
questions that matter to you 
Science Careers Forum: 

> Relevant Career Topics 


Your Future Awaits. 


2 Timely Advice and Answers 


> Community, Conrections, 


and Moret Science Careers 


Visit the forum and join 
the conversation today! 


‘ScienceCareers.org 


‘The University of Oslo is Norway's largest institution of research and education with 26 000 students and 7000 employees. Its broad range of 
academic disciplines and internationally esteemed research communities make UiO an important contributor to society. 


Applications are invited for a graup leader pasition (Ref. No.: 2014/1726) at the Biotechnolagy Centre of Oslo 
(BIO, wiw.biotek.uio.no), University of Oslo, Norway. BiO is a centre for molecular biology and biotechnology within the 
University of Oslo, which is co-lacalized with and closely coordinated with the Centre for Molecular Medicine Norway, 


Nordic EMBL Partnership (nemm.uio.no) 


‘The successful candidate will be offered a fixed-term, 5-year, renewable contract starting end 2014 or early 2015 with a 
‘budget of 1.8 mEUR over the first 5-year period. . The group leader will be responsible for building up a strong research 
{group and initiate a new independent research program either in systems biology or chemical biology. Qualification 

requirements include a PAD or equivalent degree, appropriate postdoctoral training, experience with supervision and a 


track-record of high-impact publications in top journals of biology or medicine. In addition, considerable weight will be put on 


the research plan proposed by the candidate and on how this will integrate and synergize with the activity in the region, 


Application deadline 18th of March, 2014. 


For turti 


ation and a more comprehensiv 
ttp:/[uio.easycruit.com/vacancy/1125923/709317is. 


Job description see 
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JOIN THE MINDS OF JANELIA 


Unique setting, unparalleled learning 


JANELIA FARM RESEARCH CAMPUS | CONFEREN 


SEPTEMBER 14-17 
‘SIGNAL TRANSFORMS IN THE EARLY VISUAL SYSTEM 
ganizers: Faloe Dunn, Mastin Meyer, Gabe Mur 


SEPTEMBER 21-24 
LEARNING AND MEMORY: A SYNTHESIS OF BEES AND FLIES 


SEPTEMBER 28-OCTOBER 1 
FLUORESCENT PROTEINS AND BIOLOGICAL SENSORS 1V 


Janelia conferences are smal, speci 


rapid scientific advances and foster collabor 


APPLICATION DEADLINE: 2 P.M. ET, MAY 14, 2014 


wwwjanelia.org/cont/s14 


OCTOBER 12-15 
LIFE IN THE AGGREGATE: MECHANISMS. 
AND FEATURES OF SOCIAL DYNAMICS. 


OCTOBER 26-29 
HIGH-THROUGHPUT SEQUENCING FOR NEUROSCIENCE 


NOVEMBER 9-12 
NEURAL CIRCUITS CONTROLLING SEXUAL BEHAVIOR 


HHMI 


Janelia farm 


research campus 


CALEOR 
PAPERS 


BIOMATERIALS AND SOFT MATERIALS 


Organic Bioelectronics 
Multtunctional Polymeric and Hybrid Materials. 

‘Medical Applications of Nable Metal Nanoparticles (NMANPS) 
Materials and Concepts for Biomedical Sensing 
Hard-Soft interfaces in Biological and Bioinspired Mater 
Bridging the Gap between Theory and Experiment 
Reverse Engineering of Bioinspited Nanomaterials 
Plasma Processing and Diagnostics for Life Sciences 
MicroMano Engineering and Devices for Molecular and Cellular 
Manipulation, Stimulation and Analysis 

Emerging 10 and 20 Nanomaterials in Heath Care 


ELECTRONICS AND PHOTONICS 


Emerging Non-Graphene 20 Atomic Layers and van der Waals Solids 
Graphene and Graphene Nanocomposites 

(Optical Metamateriats and Novel Optical Phenomena Based 

‘an Nanofabricted Structures 

Materials and Technology for Nonvolatile Memories 
Frontiers in Complex Oxides 

Oxide Semiconductors 

Hybrid Oxde/Organic Interfaces in Organic Electronics 

Fundamentas of Organic Semiconductors— 

Synthesis, Morphology, Devices and Theory 

Diamond Electronics and Biotechnology—Fundamentals to Applications 


ENERGY AND SUSTAINABILITY 
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EN<< 


506 Keystone Drive « Warrendale, PA 15086-7573 
Tol 724.779.3003 + Fax 724.779.8313 
Infoames.org + www.mrs.o%g 


‘Advances in Materials Sclence, Pracessing and Engineering 
for Fuel Calls and Elactrolyzers 

Wide-Bandgap Materials for Solid-State Lighting 

and Power Electronics 

Organic Photovottaies—Fundamentals, Materials and Devices 


Sustainable Sola-Energy Conversion Using 
Earth-Abundant Materials 


Perovskte-Based and Related Novel Materlal Solar Celis 
Technologies for Grid-Seale Energy Storage 

Materials Challenges tor Energy Storage across Multiple Scales 
Synthesis, Processing and Mechanical Properties of Functional 
Hoxagonai Materials for Energy Applications 

Molecular, Polymer and Hybrid Materials for Thermoelectrics 
‘Advanced Materials and Devices fr Thermoelectric 

Energy Conversion 

Materials for Advanced Nuclear Technologies 

Selene Basis fr Nuclear Waste Management XXXVI 
Materials as Toals for Sustanat 


MATERIALS RESEARCH SOCIETY 


Advancing marie proving the quay of Me 


2014 BS 
FALL MEETING & EXHIBIT 


November 30 - December 5, 2014 | Boston, Massachusetts 


Abstract Submission Deadline June 19, 2014 
Abstract Submission Opens May 19, 2014 


NANOMATERIALS AND SYNTHESIS 
[GG Nanomaterials for Harsh Enviconment Sensors 
nd Related Electronic and Structural Components — 
Design, Synthesis, Characterization and Utiizaion 
HH lame and High-Temperature Synthesis of Functional Nanomaterials— 
Fundamentals and Applications 
| Semiconductor Nanocrystals, Plasmonic Metal Nanoparticles, 
and Metal-Hybrid Structures 
44 3D Mesoscale Arcitectures— 
Synthesis, Assembly, Properties and Applications 
KK Directed Sel-Assembly for Nanopatterning 
LL Semiconductor Nanowires—Grovth, Physics, Devices, and Applications 
MM Carbon Nanotubes—Synthesis, Properties, Functionalzation 
and Applications 


THEORY, CHARACTERIZATION AND MODELING 

INN Mathematical and Computational Aspects of Materials Science 

(00 ‘n Situ Characterization of Dynamic Processes during Materials 
‘Synthesis and Transformation 

PP Advances in Scanning Prabe Microscopy for Multimodal Imaging 
atthe Nanoscale 

(00 Advances in Nanoscale Subsurface, Chemical and Time-Resalved 
Studies of Soft Matter 

RA Scaling Effects in Plasticity — 
Synergy between Simulations and Experiments 

‘88 Informatics and Genomics for Materials Development 

TT Advanced Materials Exploration with Neutrons and X-Rays— 
‘The State-of-the-Art inthe International Yer of Crystallography 


GENERAL 
UU Structure-Propety Relations in Amorphous Solids 

W Reactive Materals—Past, Present and Future 

WW Detects and Radiation Etfects in Advanced Materials 

XX Bridging Scales in Heterogeneous Materials 

YY Advanced Structural and Functional Intermetalle-Based Alloys 

ZZ Hierarehical, Migh-Rate, Hybrid and Rol-to-Roll Manufacturing 

[AAA Undergraduate Research In Materials Scionce—Impacts and Benefits 


Meeting Chairs 

Husam N, Alsharee! King Abdullah University of Science and Technology 
Amit Goyal Oak Ridge National Laboratory 

Gerardo Morell. University of Puerta Rico 

José A. Varela University of Sao Paulo State - UNESP 

In Kyeong Yoo Samsung Advanced Institute of Technology 


Don't Miss This Future MRS Meeting! 


2015 MRS Spring Meeting a/Exhibit 
April 5 
ioscone West & San fdmelsca Marriott Miu 


Francisco, Califa 


‘The University of Georgia 
Department Head 

Department of Biochemistry and Molecular 

Franklin College of Arts & Sciences 
tinlon to lead the Department of Biochemistry and Moleelar Biology (ht 
fren eu), With thiy-ninefaculy members, the Department has 
icrstosllynoupiinel seth abet fa cause neatly set cll 
Syoobislgy, calvensyon, RNA biog, infective infin 
fod tractral biology (tp/wwrnbesbugacdu/csearchideperimesial 
reser und robes undergrads al grains degree prog. We are 
Toning fran tivun ik the vison to catine todevclo the deprter 

ii collabinve nl netive ie ros match erin 


Candidates should have a Ph.D. equivalent in biochemistry or any relevant 
field, and be qualified fr appointment as afl profesor with enue. In addition 
candidates must have an oustanding record of academic uccomplishments and 


fanding, proven leadership and administrative skills, and «vision for future 
development of the Department, To apply, candidates should submit caver 
letter summarizing their qualifications and vision for leadership, together 
‘with a complete curiculum vita that includes names and contact details of at 
least four individuals willing to provide leters of reference, Please provide 
this as a single PDF file to https:/wwy.tranklin.aga.eduljabs/. Informal 
enguiries can be addressed to Dr. Allen Moore, head of the search committee 
(ajmoored uga.edu) The committe will begin reviewing upplicationson April 
15, 2014, and contiowe until the position has been filled. The start date forthe 
positon is August 2015 or negotiable 

The Franklin College of Ars and Sciences, its many units, and the University 
of Georgia are committed to increasing the diversity ofits faculty and students, 
tnd sustaining a work and learning environment that is inclusive. Women, 
minorities and people with dsahilities are encouragedto apply, The University 
isan EEO/AA Institution. Georgia is well known fr its quality of life in regard 
to both outdoor and urhan activities, The University of Georgia, the oldest sat 
chartered university inthe United States, is @ land sea grant institution located 
in the city of Athens, 70 miles northeast of Atlanta, For more information on 
Auens sce: https/www.nisitathensga.com, 


Head and Professor 

in the Department of Physics 

(Ret.: 201400060) 

Appleaions are invited fer appointment as Professor inthe Deparment of 
Physics, preleraly from Juy 014 or as soon as posible thereat. The 
2ppantee wil as Be apponted as Head ofthe Department of Pysis for 
2 three-year term starting rom November 2018. Tenure may be ofered to 
{qalfedcarcidses. Headshire apportment wb subject the Unversty's 
Blabished procedres, 
Existing research actives in the Department include astrophysics and 
strona, condensed mater experiment. condersed matter eo, parle 
physes, semiconductor piysics and quantum rformaton, Applcans shoud 
Faves dstngueheontematonal repulsion nha substan search record 
‘Thay shaud be able o provide leadership to enhance the Departments profs 
att localy and internatonaly asa cere of excelence n research and 
feaching, Experience n management would bean advantage 
‘Aglaaly compettve salary commensizate with qualifications and experience 
‘wilbe fered At cure fates, salaries tax does nt excand 15% of gross 
Income. The apportment wi tact a conrac-ena atu and Univers 
‘ontrbuton to erement benefits scheme, folaling Up fo 18% of base 
‘Slory as wellas anal leave and medial bnefts. Housing benefits wil be 
provided as applcabe 
For enquiries about the exiting research activites andthe specific job 
‘equremens, lease wnt to Professor Sun Kwok, Dean of Faculty of Soence 
{era sunkvokGhic hk. Iteested appears should submit a completed 
Spoteaton fom togeher than uptodate CV, 2 dealed pubieaon Is 
$ research plan and a statement on teaching phicsophy to sephy@hiuhkc 
Pegs ndcate ler “Ret 201400060 Head and Professor nthe Department 
of Pyles) nthe subject ofthe eal 


Application forms. (341/1111) can be obtained. at 
ibflrhu Wappurions extn. Fue parularca becisned 
att jobs mu Closes Apri 0, 2044 The Univers tans applicants 
forthe terest, but. sted applicants wil be notiied of 
the applationresut. 

The Univers ian equa opportunity erploye andi commited to No-Soking Ply 


FA TEXAS A&M 


UNIVERSITY 


ions in Biomedical/Health Science Research 
Institute of Biosciences and Technology, Texas A&M Health 
Science Center, Houston, Texas 


The Texas A&M Health Science Center Institute of Biosciences and 
Technology (IBT), btp:ibttambse cd, is an internationally recognized 
leader in biomedical ad health science research located a the Texas Medical 
Center in Houston, TX, with existing strengths in Epigenetics, Cancer'Stem 
Cell Biology Infectious Disease, and Environmental Health 


The IBT is entering an expansion phase and will be recruiting multiple new 
faculty members into the existing Centers, including the new Center for 
Epigenetics & Disease Prevention (htp:/Awwwibttambsceduiresearch/cedp) 
[New hires will receive highly competitive packages for salary, start-up, 
and support for graduate edueation, along with outstanding laboratory 
tind office space in the Texas ASM Health Seience Center Alkek Building 
in the Texas Medical Center, 


sree in biochemistry 


Applicants should havean M.D., Ph.D. ofM.D/PhD. 
cellular and molecular biology, microbiology, genetics or a related science, 
and an outstanding publication record; applicants at the Assistant Professor 
level should have atleast 3 years postdoctoral experience. Curent/ongoing 
extramural funding would be viewed favorably daring the review process, 


‘Successful candidates will he expected to establish an independent research 
group, conduct highly meritorious research, establish collaborations with other 
investigators in the Texas Medical Center and components inthe Texas A&M. 
University System, and to obtain significant extramural funding. Applications 
will be received and evaluated om a rolling basis, stating April 3, 2014, 
To apply please senda cover letter, curiculum vitae, statement of 
interests, copies of two key publications and at least three : 
Drs, Roderick H. Dashwood and Magnus Hédk, Search Committee Co- 
chairs, Institute of Biosciences and Technology, Holcombe Blvd, 
Houston, TX 77030-3303; E-mail: rlashwoodibt.tambsc.edu 


The Texas ALM Health Science Center isan Affirmative Action, Equal 
Opportunity Emplaver 


PENNSTATE HERSHEY 
#25 College of Medicine 


Department of Cellular and Molecular Physiology 
The Pennsylvania State University College of Mex 
New Faculty Positions 


‘The Department of Cellular and Molecular Physiology in the Pennsylvania 
State University College af Medicine invites applications trom outstanding 
PhD. andlor M.D, scientists for maltiple Tenure’ Tenure-Track positions atthe 
rank of Assistant or Associate Professor, The Departments undergoing a major 
‘expansion of research within the thriving new research environment created in 
the Milton 8 Hershey Medical Center, located in Hershey, Pennsylvania, 


Under leadership of the new Chair, Dr Donald Gill, the Department is build 
ing inthe broad areas of cellular, molecular and integrative approaches toward 
translational research in physiology. The search is open to applicants in many 
areas of physiological research including those with translational approaches to 
studying sigaling mechanisms, channel structure function and channel-related 
dlseases, mitochondrial dysfunction and oxidative stress, cardiovascular and 
musculoskeletal diseases, and metabolic disorders. Weare seeking early stage or 
‘olablished investigators with strong records of research accomplishment wha wll 
‘complement and expand these departmental research interests, The Department 
‘ey strong interactions with the Heart and Vascular Insitute, the Institute for 
Personalized Medicine, and the NIH-supported Clinical nd Translational Science 
Institute within the Pena State Hershey Medical Center. Priority willbe given to 
thse applicants wih have established funded research programs or have recently 
‘oblained funding to transition into independent research. Competitive sar-up 
packages, recently renovated laboratory space, and strong core facilities, together 
Provide an oustanding research environment within the Department, 


Interested applicants should submits cover letter, curriculum vitae, and statement 
‘of research plans (merged within asingle pd) or CAMPhysioSearch@ hmesps 
‘edu. Further information about the Department and the successfl and appealing 
Herey cnvironmentare provided atthe Department website: wwwaned, psu 
physiology and at: https//wikispaces.psu.edu/4/VA4Cw. 


Penn State is committed 10 afrmative action, equal opportunity and the 
diversity ofits workforce. Minorities and women are encouraged to appl 
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Your 
Career Qa%5 
IS OUr (imc 
cause. experts. 


www. 
sciencecareers.org 


* Job Postings 
© Job Alerts 


© Resume/CV 
Database 


© Career Advice 


* Career Forum 
From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 


Science Careers 
to succeed in nonresearch careers. 


Science Careers 


Fram the journal Science IAVAAAS 


We deliver 
customized job alerts. 


www.ScienceCareers.org 
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